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M odelling L actation and Liveweight 
Curves in Irish D airy Cows
N oreen  Q uinn
Dublin City University,
Glasnevin,
Dublin 9
A b s t r a c t _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
The purpose of this research has been to model the milk yield, fat content, protein 
content and liveweight of Irish dairy cows over a lactation period The analysis was 
carried out on 15,729 lactation records from commercial and experimental herds 
including both autumn and spring calving animals of various breeds Initially, the 
factors which affect milk yield, its constituents and liveweight were investigated 
and then a scientific method for detecting abnormal recordings was formulated 
This method of detection is very effective and abides by the guidelines outlined by 
the International Committee of Animal Recording After removing the abnormal 
recordings from the data, a number of models were fitted and their suitability was 
assessed on the basis of their good ness-of-fit and adherence to the assumptions made 
in carrying out regression analysis When modelling milk yield, a severe problem 
of multicollineanty was encountered and methods of reducing multicollmearity were 
investigated As a result a new model was developed, which provided an acceptable 
level of accuracy m representing the shape of the lactation curve for Irish dairy 
cows A model that satisfied the assumptions of regression analysis and predicted the 
actual content of the constituents to within 0 01 per cent of the actual values was also 
developed while a novel approach was used for modelling liveweight Firstly, splines 
were used to find the dimensions of the data and principal component regression
xiv
was used to estimate the regression coefficients of this new model This model 
satisfactorily represented the shape of the hveweight curve and it can be easily 
updated for use by bio-economists The models proposed in this thesis are currently 
being incorporated into the Moorepark Dairy Systems Model which investigates the 
challenges tha t currently face the Irish dairy industry
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C h a p t e r  1
I n t r o d u c t i o n
“Denmark has a smaller national milk quota than Ireland yet produces three times 
as much cheese - 300,000 tonnes”
“Yield per cow in Ireland is 60 per cent of tha t achieved m Holland or Den­
mark”
These are two quotes from the Chief Executive Officer of Glanbia (Ireland’s 
largest manufacturer of dairy products), John Maloney, at the National Dairy 
Conference in 2002 These two statements ask one major question “Why is this the 
situation?” The simple answer is obviously related to efficiency but the problem is 
how does one address this?
1 1 The Irish Dairy Industry
In the coming years the Irish dairy industry will be confronted by many challenges 
and unless it can respond strategically and effectively the industry will be seriously 
undermined Traditionally the Irish dairy industry’s emphasis has been on commod­
ity products such as butter and skim milk powder which have been supported by 
the European Union (EU) through export subsidies, intervention or internal mar­
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ket supports Ireland still has a high reliance on these products, as can be seen 
in Figure 1 1 (Promar International, 2003), while other European countries have 
altered their product portfolio mix However, there is a strategic plan in place to 
alter Ireland’s product mix and by 2015 five per cent of its product portfolio mix 
should be m higher-value functional and organic foods with a reduction of 20 per 
cent m commodity based products The underlying quality of milk being supplied 
to production plants has an effect on the type of product tha t can be produced, 
and it is essential to have year round supplies of good quality milk m order to serve 
European markets for quality fresh products (Maloney, 2002)
The productivity issue referred to in the second quote can also be improved 
through improved efficiency Studies show that if producers milk fewer cows for 
longer, they can increase their total milk yield per cow and can deliver their quota in 
a more even supply pattern throughout the year and at lower cost than is currently 
the case (McCarthy, 2000) At present, Irish milk producers, who are supplying 
milk for processing into dairy products, are adjusting the date of calving so that the 
cows calve a t the time of lowest milk production cost (Table 11), thus maximising 
production cost efficiency from a grass-based production perspective This calving 
pattern results m high levels of supply in the peak milk supply months of March to 
June
45%  Base Fr*ducts
Current product portfolio mix 2015 product portfolio mix
Figure 1 1 Dairy product portfolio 2003-2015
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Table 1 1 Percentage of the national herd calving per month
M onth 1991 1998 2000 2001
January 119 10 1 76 59
February 20 3 20 8 17 5 17 3
March 24 3 25 9 23 5 24 4
April 16 4 17 4 19 1 19 9
May 8 8 9 8 12 0 11 5
June 42 4 1 59 5 8
July 2 4 2 3 30 3 3
August 1 8 1 6 20 23
September 2 0 1 8 23 2 5
October 2 4 2 1 24 2 6
November 23 20 23 2 3
December 3 2 22 23 2 4
Source Department of Agriculture and Food (2002)
Table 1 2 illustrates how the seasonality of milk supply in Ireland has gradually 
disimproved over the years In 1999 the peak month production (May), as measured 
by milk deliveries, was 5 6 times the lowest m onth’s production (January) This 
ratio has gradually disimproved over the last number of years, having been as low 
as 4 7 in 1993 (Promar International, 2003) In Northern Ireland the pattern of 
milk supply is much closer to that experienced throughout the rest of Europe, with 
a peak to trough ratio of 1 6, which demonstrates tha t it is possible to improve 
seasonality significantly in Ireland To handle the peak milk supply the average 
capacity utilisation of milk processing plants m Ireland is close to 60 per cent In 
Denmark and the Netherlands, who are Ireland’s main EU competitors, the excess
Table 1 2 Summary of milk supply
M ilk  S u p p ly  (’000 tonnes) 1997 1998 1999 2000 2001 2002
Peak month milk deliveries 740 748 700 710 717 731
Trough month milk deliveries 137 131 124 119 122 122
Peak to trough ratio 54 5 7 56 6 0 5 9 60
Source Department of Agriculture and Food (2002)
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processing capacity is only three per cent, meaning that all processing assets are 
used throughout the year In Ireland the processing plants are severely under­
utilised in the winter period While Ireland’s lower capacity utilisation enables 
processors to switch between products in response to short-term market trends, it 
tends to put Ireland at a disadvantage in the European dairy market If the problem 
of seasonality of milk supply is addressed it will increase capacity utilisation in the 
production plants and also deliver more opportunities for the industry to add further 
value to Irish dairy products To address the issue of the seasonality of milk supply, 
the national calving pattern needs to be changed so as to produce a more even supply 
of milk over the year In order to assess the impact any change m calvmg pattern 
would have on the seasonal pattern of milk supply, a thorough understanding of 
lactation curves is necessary
1 2 The Importance and Relevance of Lactation Curves
A lactation curve is a summary of the longitudinal milk yield of a cow from calvmg 
until drying off prior to a subsequent calvmg Prom this cumulative lactation curves 
can be estimated and total lactation milk yields may be predicted from incomplete 
data Appropriate models provide the basis for examining the effect that changing 
the calvmg pattern will have on the milk supply pattern A mathematical model 
of the lactation curve provides summary information about dairy cattle production, 
which is useful in making management and breeding decisions as well as being useful 
in simulating a dairy enterprise Generally, the objective in modelling the lactation 
curve is to predict the yield on each day of lactation with minimum error so as to 
elucidate the underlying pattern of milk production m the presence of high local 
variation due to the effect of the environment A good model should be capable of 
predicting total yield from a few test day records and thus minimises the cost of milk 
recording m Ireland Such a model is applicable for dairy producers and processors 
and could be invaluable in the event of natural phenomena (such as Foot and Mouth
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D isease ) w h ich  re s tr ic ts  m ilk  rec o rd in g , w ith o u t u n d u ly  je o p a rd is in g  a c c u ra c y  of 
g e n e tic  e v a lu a tio n  for th e  fa rm e r  H ow ever, th e  u se fu ln ess  o f a n y  m a th e m a tic a l  
m o d e l d e p e n d s  on  how  well it  can  s im u la te  th e  b io log ica l p ro cess  o f m ilk  p ro d u c tio n  
a n d  a d ju s t  for fa c to rs  a ffec tin g  i t  (O lo ri e t  a l , 1999)
M ilk  p ro d u c tio n  in  a  d a iry  cow ty p ic a lly  rises  to  a  p e a k  in  th e  f irs t 40 to  70 
d ay s  p o s t  p a r tu m  a n d  d ec lin es  th e re a f te r  (W ood , 1967) S evera l m o d e ls  have  b ee n  
d ev e lo p e d  to  d e sc rib e  su ch  a  la c ta tio n  p a t te r n  w hich  is a s su m e d  to  b e  th e  sa m e  for 
all cow s (W ood , 1967, Y ad av  e t  a l , 1977, C o b b y  a n d  Le D u , 1978, K eow n a n d  V an  
V leck, 1973, A h  a n d  S chaeffer, 1987, W ilm in k , 1987, E ls to n  e t a l , 1989, P e ro c h o n  
e t al , 1996) T h e  g o o d n ess-o f-fit of a  la c ta tio n  cu rv e  m o d e l m a y  d e p e n d  on  w h e th e r  
th e  o b je c tiv e  is to  p re d ic t th e  c u m u la tiv e  y ie ld  o r in d iv id u a l d a ily  y ie ld s In  th e  
fo rm e r case  th e  re s id u a ls  o f  th e  p re d ic te d  y ie ld s  m a y  n o t b e  im p o r ta n t  as long  
as th e y  su m  to  zero  w h ile  in  th e  la t te r  case  th e  m a g n itu d e  a n d  d is t r ib u t io n  of 
th e  re s id u a ls  a re  im p o r ta n t  I t  is a lso  n ec essa ry  to  d is t in g u ish  b e tw e en  m o d e llin g  
th e  m e an  la c ta tio n  cu rv e  o f a  g ro u p  o f cow s w ith  d iffe ren t la c ta tio n  cu rv es a n d  
m o d e llin g  in d iv id u a l la c ta t io n s  In  a d d itio n , d iffe rences b e tw e en  v ario u s  b re e d s  of 
cow , m  re la tio n  to  la c ta tio n  cu rves, is of p a r t ic u la r  in te re s t  a t  th e  p re se n t t im e  in 
I re la n d  a n d  w ill b e  in v e s tig a te d  for th e  firs t tim e  m  th is  s tu d y
S om e s tu d ie s  on  e s t im a tin g  th e  sh a p e  o f la c ta t io n  cu rv es have  b ee n  u n d e r ta k e n  
in  I re la n d , b u t  it  h a s  b e e n  q u ite  som e tim e  since  th e se  w ere  rev iew ed  T h e  m o st 
re c e n t rev iew  w as by  C ro sse  e t  a l (1988) a n d  p rev io u s ly  to  t h a t  by  K illen  a n d  K ea n e  
(1978) A s c o n d itio n s  in  I r is h  a g r ic u ltu re  have  ch a n g ed  c o n s id e ra b ly  since  th e n  it  is 
a p p ro p r ia te ,  a n d  in d eed  necessary , t h a t  th is  re se a rch  is rev iew ed , re -a n a ly se d , a n d  
im p ro v e d  u p o n
M o d e llin g  to ta l  la c ta t io n  o f m ilk  y ie ld  a n d  its  c o n s ti tu e n ts  for d a iry  cow s is 
th e  b as is  o f  th is  s tu d y  In itia lly  th e  fa c to rs  w h ich  affec t la c ta t io n  y ie ld  w ill b e  
in v e s tig a te d  a n d  m o d e ls  w ill th e n  b e  p ro p o se d  to  m o d e l th e  m ilk  y ie ld , fa t c o n te n t 
a n d  p ro te in  c o n te n t of m ilk  O n e  e lem e n t w h ich  w ill b e  e x a m in e d  for th e  f irs t tim e
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in  I re la n d , is th e  v a r ia tio n  in  th e  sh a p e  o f th e  la c ta tio n  cu rv e  b e tw e en  b re e d s  a n d  
its  v a r ia tio n  w ith  seaso n  In  a d d i t io n  th e  livew eigh t o f d a iry  cow s over a  la c ta tio n  
p e r io d  w ill b e  in v e s tig a te d , a lso  for th e  f irs t t im e  in  I re la n d
1 3 The Scope of the Thesis
T h e re  a re  th re e  m a m  se c tio n s  to  th is  th e s is  E a c h  o f th e se  se c tio n s  involves e v a lu a t­
in g  th e  m o d e ls  w h ich  a re  a lre a d y  c ite d  in  l i te ra tu re ,  ju d g in g  th e  su ita b il i ty  o f th e se  
m o d e ls  to  I r is h  d a t a  a n d  e x p lo ra tio n  o f new  fo rm s o f m o d e ls  A s a  re s u lt  o f f in d in g  a  
ro b u s t  m ode l, w h ich  is re la tiv e ly  s im p le  to  e s t im a te  a n d  use , a  se aso n a l p ro d u c tio n  
p a t te r n  ta b le  ca n  b e  c re a te d  for use  by  b io -ec o n o m ists  T h e  th re e  se c tio n s  to  th is  
s tu d y  a re
1 M o d e llin g  th e  la c ta tio n  cu rv e  o f m ilk  y ie ld
2 M o d e llin g  th e  fa t a n d  p ro te in  c o n te n t cu rves
3 M o d e llin g  livew eigh t
A fte r  rev iew in g  th e  l i t e r a tu r e  (C h a p te r  2) it  w as fo u n d  th a t  th e  u se  of em p irica l 
a lg e b ra ic  m o d e ls  w as th e  p re fe rre d  m e th o d o lo g y  for m o d e llin g  th e  m ilk  y ie ld , fa t 
a n d  p ro te in  c o n te n t a n d  livew eigh t cu rves o f I r ish  d a iry  cow s I t  su g g e sts  t h a t  lin e a r  
a n d  n o n lin e a r  reg ress io n  a re  th e  n ec essa ry  fo rm s o f m o d e llin g  re q u ire d , a n d  th a t  th e  
a s su m p tio n s  o f reg ress io n  a n a ly s is  need  to  b e  e x a m in e d  for each  m o d e l so  as  to  a rr iv e  
a t  a  ro b u s t  a n d  w ell-fittm g  m o d e l
A ssessin g  a n d  ex a m in in g  th e  fa c to rs  w h ich  in flu en ce  m ilk  y ie ld , f a t  c o n te n t a n d  
p ro te m  c o n te n t p ro v id es  v a lu a b le  in fo rm a tio n  to  th e  d a iry  fa rm e r  T h e  success o f a  
d a iry  fa rm e r  rea lly  d e p e n d s  on  how  well th e y  ca n  p re d ic t th e  la c ta t io n  cu rv es o f th e ir  
cow s (W ood , 1969) C h a p te r  3 ex a m in e s  th e  fa c to rs  w h ich  affec t th e  level o f m ilk  
p ro d u c tio n  o f I r is h  d a iry  cow s, o f d iffe ren t b ree d s , for th e  f irs t tim e  since  th e  e x te n ­
sive a d v a n ce s  m  Ir ish  a g r ic u ltu re  over th e  la s t tw en ty  y ea rs  I t  a lso  a n a ly se s  th e se  
fa c to rs  a n d  d e m o n s tra te s  th e  effects th e y  have  on  m ilk  y ie ld  a n d  its  c o n s ti tu e n ts
A s a b n o rm a l rec o rd in g s  w ill in e v ita b ly  o c c u r  in  la rg e  d a ta s e ts  o f th e  ty p e  b e in g  
a n a ly se d  m  th is  s tu d y , C h a p te r  4 il lu s tra te s  a  m e th o d  w h ich  is effective in  d e te c t­
ing  a b n o rm a l re c o rd in g s  in  I r ish  m ilk  rec o rd e d  d a t a  T h is  m e th o d  ab id es  by  th e  
g u id e lin es  o u tlin e d  by  th e  In te rn a t io n a l  C o m m itte e  o f A n im a l R e c o rd in g  (IC A R , 
2002) a n d  is a n  a p p ro p r ia te  m e th o d  for d e te c tin g  a b n o rm a l rec o rd in g s  In  a d d itio n , 
it  co u ld  b e  p a r t ic u la r ly  u se fu l w ith  th e  in tro d u c tio n  o f e lec tro n ic  m ilk  rec o rd in g  
dev ices  in  th e  n e a r  fu tu re
T h e  p u rp o s e  o f C h a p te r  5 is to  find  a  w ell-fittin g , ro b u s t ,  s ing le  e q u a tio n  m o d e l 
w h ich  d e sc rib es  th e  sh a p e  o f th e  m ilk  y ie ld  cu rv e  for I r is h  d a iry  cow s T h is  c h a p ­
te r  ex a m in e s  th e  su ita b il i ty  o f a  n u m b e r  o f a lg eb ra ic  m o d e ls  c ite d  in  th e  li te r a tu re ,  
u s in g  Irish  d a t a  T h e  m o d e ls  h av e  b e e n  e v a lu a te d  u s in g  a  novel a p p ro a c h , by  ex ­
a m in in g  th e ir  g o o d n ess-o f-fit a n d  th e ir  a d h e re n c e  to  th e  a s su m p tio n s  o f reg ressio n  
a n a ly s is  a n d  if d ee m e d  n ecessa ry  th e  m ode ls  have  b e e n  m o d ified  M u ch  o f th e  m a ­
te r ia l p re se n te d  in  th is  c h a p te r  h a s  b ee n  p u b lish e d  in  th e  p ro ce ed in g s  of C o m p S ta t  
2004 (Q u m n  e t  al , 2004) a n d  IC A R 1 2004 (Q u in n  e t  al , 2005b) a n d  is d u e  to  a p p e a r  
in  th e  I r ish  J o u r n a l  o f A g ric u ltu ra l a n d  F o o d  R e sea rch  Q u in n  e t  a l (2005a)
T h e  fa t a n d  p ro te m  c o n te n t o f m ilk  is m o d e lled  in  C h a p te r  6 M an y  m o d e ls  
w h ich  w ere c ite d  in  th e  l i te r a tu re ,  to  m o d e l m ilk  y ie ld , w ere a lso  e x a m in e d  on  th e ir  
su ita b il i ty  to  m o d e l th e  cu rv es for th e se  c o n s ti tu e n ts  I t  w as fo u n d  th a t  over a  
la c ta tio n  p e r io d  o n e  o f th e se  m o d e ls  w as c o n s is te n t in  p re d ic tin g  w eekly  fa t a n d  
p ro te m  c o n te n t a n d  w as also  re a so n a b ly  a c c u ra te  m  p re d ic tin g  th e  av erag e  fa t a n d  
p ro te m  c o n te n t
T h e  h v ew e ig h t ch a n g e  for I r is h  d a iry  cow s over a  la c ta t io n  p e r io d  is m o d e lle d  in  
C h a p te r  7 A s th e re  a re  very  few m o d e ls  to  d e sc rib e  th e  p a t te r n  o f hvew eigh t ch an g e  
over a  la c ta tio n  in  th e  l i te ra tu re ,  v a rio u s  a p p ro a c h e s  w ere c o n s id e red  In itia lly , 
t im e  se ries te c h n iq u e s  w ere ex a m in e d  as  th e  d a t a  is in h e re n tly  o f a  t im e  series 
n a tu re  S p lin es  w ere also  e x a m in e d  so  as  th e  d im e n s io n s  o f th e  m o d e l re q u ire d  to  
in te rnational Committee of Animal Recording
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fit th e  d a t a  co u ld  b e  a p p ro x im a te d  H ow ever, as a n  in c o m p le te  g a m m a  fu n c tio n , 
w h ich  w as p rev io u s ly  u sed  to  m o d e l m ilk  y ie ld , h a s  b e e n  u se d  in  o th e r  s tu d ie s  to  
m o d e l hvew eigh t, o th e r  m ilk  y ie ld  m o d e ls  w ere in v e s tig a te d  I t  w as a  re s u lt  of 
th e se  in v e s tig a tio n s , t h a t  an  e q u a tio n  w as d e riv e d  to  m o d e l hvew eigh t ch an g e  over 
a  la c ta tio n  p e r io d
F ina lly , C h a p te r  8 p ro v id es  a  su m m a ry  o f th e  th e s is  in c o rp o ra t in g  th e  co n c lu ­
s io n s a n d  im p lic a tio n s
C h a p t e r  2
L i t e r a t u r e  R e v i e w
2 1 Introduction
T h is  rev iew  focuses in itia lly  on  th e  d iffe ren t a p p ro a c h e s  u sed  to  m o d e l m ilk  y ie ld  a n d  
its  c o n s ti tu e n ts  over a  la c ta tio n  p e r io d  T h e  c o n c e n tra tio n  o f e i th e r  fa t o r  p ro te in  in  
th e  m ilk  p ro d u c e d  th ro u g h o u t a  la c ta t io n  ca n  b e  re p re se n te d  by  a  cu rv e  w hose sh a p e  
w ill n o rm a lly  “m ir ro r  m ilk  y ie ld ” (P u lm a , 1990), as  m ilk  y ie ld  in c reases , th e  fa t a n d  
p ro te in  c o n te n t d ec rease  a n d  v ice v e rsa  M a n y  re se a rch e rs  w h o  have in v e s tig a ted  
th e  s h a p e  o f th e  m ilk  y ie ld  cu rv e  have  a lso  in v e s tig a te d  th e  sh a p e  o f th e  fa t a n d  
p ro te in  cu rv es  T h e re fo re  in  th is  rev iew , th e  l i t e r a tu r e  re la te d  to  th e  fa t a n d  p ro te in  
f ra c tio n s  o f m ilk  w ill b e  c o n s id e red  to g e th e r  w ith  th e  l i t e r a tu r e  a s so c ia te d  w ith  m ilk  
y ie ld  m o d e llin g
L ivew eigh t a n d  its  ch an g es  h av e  b ee n  fo u n d  to  b e  im p o r ta n t ,  in  re c e n t y ea rs , for 
th e  fo rm u la tio n  o f  d ie ts  (K o rv e r e t  al , 1985), fo r th e  c a lc u la t io n  o f d ry  m a t te r  in ta k e  
p re d ic tio n  fo rm u lae  (D ev ir e t  a l , 1995) a n d  for in c lu s io n  in  a n  econom ic  m o d e l to  
s im u la te  th e  d a iry  p ro d u c tio n  sy s te m  (S h a llo o  e t  a l , 2004) T h e  second  se c tio n  of 
th is  c h a p te r  w ill d iscu ss  th e  d iffe ren t a p p ro a c h e s  to  m o d e llin g  livew eigh t w h ich  a re  
c ite d  in  th e  l i t e r a tu r e  a n d  h ig h lig h t th e  a p p ro a c h  w h ich  is in v e s tig a te d  la te r  in  th is  
s tu d y
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2 2 Modelling Milk Yield, Fat and Protein
T h e re  a re  m a n y  a p p ro a c h e s  to  m o d e llin g  m ilk  y ie ld  a n d  its  c o n s ti tu e n ts  In itia lly , 
s tu d ie s  fo cu sed  on  tw o  m e th o d o lo g ie s  em p irica l reg ress io n  m o d e ls  w h ich  u sed  re ­
g ressio n  a n a ly s is  to  find  e s tim a te s  of th e  m ilk  y ie ld s  m  each  w eek o f la c ta tio n , a n d  
te s t  d a y  m o d e llin g  w h ich  e x a m in e d  th e  re la tio n sh ip  b e tw e en  te s t  d ay  y ie ld s a n d  
sev era l e x p la n a to ry  v a ria b le s  In  m o re  rec en t y ea rs  la c ta tio n  cu rv es have  b ee n  ex ­
a m in e d  as  m u ltip h a s ic  fu n c tio n s  w h ereb y  th e  la c ta t io n  cu rv e  is se g m en ted  in to  d if­
fe re n t p h a se s  a n d  a n  e q u a tio n  is f itte d  s e p a ra te ly  to  each  p h a se , o r by  u s in g  B ay esian  
a n a ly s is  w h ich  e n d e av o rs  to  e s t im a te  p a ra m e te rs  o f a n  u n d e r ly in g  d is t r ib u t io n  b a se d  
on  th e  o b se rv e d  d is t r ib u t io n  T e s t-d a y  m o d e llin g  p ro c e d u re s  have  b e e n  d ev e lo p ed  
a n d  su b se q u e n tly  d iv id e d  in to  su b -ca teg o rie s  n am e ly  r e p e a ta b il i ty  te s t  d ay  m ode ls, 
ra n d o m  reg ress io n  m o d e ls  a n d  re d u c e d  ra n k  m o d e ls  A n o th e r  a p p ro a c h  for m o d ­
e lling  m ilk  y ie ld  is by  u s in g  a u to re g re ss iv e  p ro c e d u re s  w h ich  d is t in g u ish  b e tw e en  th e  
e n v iro n m e n ta l effects d u e  to  th e  cow  w ith in  a n d  b e tw e en  la c ta tio n s
2 2 1 Empirical Algebraic Models using Regression
S ince e a r ly  m  th e  20t/l c e n tu ry , e m p irica l reg ress io n  m o d e ls  o f th e  sh a p e  o f th e  m ilk  
y ie ld  cu rv e  have  b ee n  p ro p o se d  by  a u th o rs  su ch  as B ro d y  e t al (1923), B ro d y  e t  al 
(1924), S ikka  (1950), D ave (1971), W o o d  (1967), W ilm in k  (1987), A h a n d  S chaeffer 
(1987) a n d  G u o  a n d  Sw alve (1995)
B ro d y  e t  al (1923) p ro p o se d  th e  fo llow ing e q u a tio n
Yn =  ae~kn (2 2 1)
w h ere  Yn is th e  m ilk  y ie ld  in  la c ta tio n  w eek n  a n d  th e re  is a  c o n s ta n t  re la tiv e  r a te  
o f d ec lin e  in  y ie ld  o f k k g /k g  p e r  w eek from  a n  in it ia l  v a lu e  o f a T h is  e q u a tio n  w as 
g en e ra lly  u se d  to  m o d e l o n ly  th e  d ec lin in g  p h a se s  o f la c ta tio n s , b u t  i t  h a s  b e e n  u sed  
to  m o d e l w ho le  la c ta tio n s  by  a  n u m b e r  o f a u th o rs  in c lu d in g  S m g h  a n d  B h a t  (1978)
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a n d  M u k u n d a n  a n d  B h a t  (1983) B ro d y  e t  al (1924) p ro p o se d  a  m o re  e la b o ra te  
e q u a tio n  t h a t  w as d e riv e d  from  th e  d iffe rence o f tw o e x p o n e n tia l fu n c tio n s  T h is  
e q u a tio n  w as a  m o d e l for th e  w ho le  la c ta t io n  a n d  it  to o k  th e  fo llow ing fo rm
Yn =  a e _im -  ae~cn (2 2 2)
w h ere  Yn is th e  m ilk  y ie ld  in  la c ta t io n  w eek n  a n d  a , b a n d  c a re  th e  p a ra m e te rs  
T h e  m a in  p ro b le m  a ris in g  w ith  th is  e q u a tio n  is t h a t  i t  p re d ic ts  a n  in itia l y ie ld  of 
zero  w h ich  is u n re a lis tic  I t  w as fo u n d  by  C o b b y  a n d  L e D u  (1978) t h a t  th is  m o d e l 
u n d e re s t im a te d  y ie ld s in  m id  la c ta tio n  a n d  o v e re s tim a te d  th e m  in la te  la c ta t io n  
W o o d  (1967) w as th e  firs t to  c re a te  a n  e q u a tio n  t h a t  re p re se n te d  th e  la c ta t io n  
cu rv e  re a so n a b ly  a c c u ra te ly  H is m ode l, w h ich  h a s  since  b ec o m e  k now n  as  th e  
in c o m p le te  g a m m a  fu n c tio n , is s ti ll b e in g  u sed  to  p re d ic t m ilk  y ie ld  to d a y  a n d  ta k es  
th e  fo llow ing fo rm  -
Yn =  anbe~cn (2 2 3)
w h e re  Yn is th e  y ie ld  in  w eek n , o is a  sca lin g  fa c to r  a s so c ia te d  w ith  th e  average  
y ie ld , b is re la te d  to  p re -p e a k  c u rv a tu re  a n d  c is re la te d  to  p o s t-p e a k  c u rv a tu re  
T h is  m o d e l uses th e  m e th o d  o f le a s t sq u a re s  to  o b ta in  e s tim a te s  for th re e  reg ressio n  
p a ra m e te rs  a , 6 a n d  c If  c «C 1, th e n  th e  va lue  o f th e  p a ra m e te r  a is a p p ro x im a te ly  
eq u a l to  th e  y ie ld  im m e d ia te ly  a f te r  ca lv in g  W o o d ’s m o d e l p re d ic ts  a  p e a k  y ie ld  
o f a(^)be~b w h ich  o cc u rs  ~ w eeks a f te r  ca lv in g  A s W o o d ’s e q u a tio n  is in tr in s ic a lly  
n o n -lin e a r  a n d  it  w as d ifficu lt, a t  th e  tim e , to  p e rfo rm  n o n lin e a r  reg ressio n , m a n y  
re se a rc h e rs  tra n s fo rm e d  i t  in to  lin e a r  fo rm  by  ta k in g  th e  n a tu ra l  lo g a ri th m  o f b o th  
sides o f th e  e q u a tio n  as  follows
ln(K n ) =  ln (a )  +  61n(n ) — cn (2 2 4)
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A n o th e r  a l te rn a t iv e  to  n o n lin e a r  le a s t sq u a re s  e s tim a tio n  o f  th e  p a ra m e te r s  in  th e  
m o d e l o f W o o d  (1967) w as to  u se  a  w eig h ted  m u ltip le  reg ress io n  o f In (Yn ) on  In (n ) 
a n d  n  T h is  p ro v id e d  a n  a p p ro x im a tio n  to  th e  n o n lin e a r  p ro c e d u re  by  m e an s  o f a  
s im p le  w eig h ted  lin e a r  le a s t sq u a re s  a n a ly s is  C o b b y  a n d  L e D u  (1978) show ed th a t  
th e  a p p ro p r ia te  w eig h ts  a re  p ro p o r tio n a l  to  , i e th e  s q u a re  o f th e  c o rre sp o n d in g  
y ie ld  W o o d  (1969) e x a m in e d  th e  fa c to rs  w h ich  affec t th e  sh a p e  of th e  cu rv e  a n d  
from  th is  h e  d ev e lo p ed  a  te c h n iq u e  w h ereb y  it  is p o ss ib le  to  p re d ic t a  cow ’s m ilk  
p ro d u c tio n  from  m o n th  to  m o n th  W ood  (1976) u sed  th is  sa m e  m o d e l to  d e sc r ib e  th e  
p ro d u c tio n  a n d  c o n c e n tra tio n  of b o th  fa t a n d  p ro te in  I t  h a s  b e e n  fo u n d , how ever, 
t h a t  th e  fit o f W o o d ’s cu rv e  to  m o n th ly  d a t a  ca n  b e  p o o r , e sp ec ia lly  in  s u b tro p i­
cal a n d  tro p ic a l c lim a te s  (K ellogg  e t  a l , 1977, S h a n k s  e t  a l , 1981) a n d  th e re fo re  
a l te rn a t iv e  m o d e ls  have  b ee n  p ro p o se d
Y ad av  e t  al (1977) a p p ro a c h e d  th e  p ro b le m  o f f i t t in g  a n  e q u a tio n  to  m ilk  y ie ld  
d a t a  a n d  a rr iv e d  a t  a n  in v erse  q u a d ra t ic  p o ly n o m ia l o f th e  fo llow ing form
2 (2 2 5)a + bn + cn*
T h e  v a ria b le  Yn is th e  w eekly  m ilk  y ie ld  in  th e  nth w eek o f la c ta tio n , a a n d  c a re  
th e  c o n s ta n ts  w h ich  d e sc rib e  th e  r is in g  a n d  d ec lin in g  e x tre m e s  o f th e  la c ta tio n  cu rv e
re sp e c tiv e ly  a n d  b is th e  av erag e  s lo p e  o f th e  cu rv e  K u m a r  a n d  B h a t  (1979) fo u n d
th a t  th is  m o d e l gave a  g o o d  fit fo r la c ta tio n s  w h ich  s t a r t  a t  a  low level a n d  p e a k  
ea r lie r  th a n  av erag e  L a te r  s tu d ie s  o f e m p irica l reg ress io n  m o d e ls , how ever, fo u n d  
th is  m o d e l to  b e  less s a tis fa c to ry  (P a p a jc s ik  a n d  B o d e ro , 1988, O lo ri e t al , 1999) 
A n  e x p o n e n tia l p lu s  lin e a r  d ec lin e  m o d e l w as p ro p o se d  by  C o b b y  a n d  Le D u  
(1978) as  a  fo llow -up  to  th e  m o d e l o f W o o d  (1967) T h e y  re p la ce d  th e  te rm  nb 
m  th e  m o d e l o f W o o d  (1967) by  th e  a s y m p to tic  cu rv e  1 — e -<7n} re su lt in g  m  th e  
fo llow ing
Yn = ae~kn -  ae~dn (2 2 6)
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F or la rg e  va lues o f n  (p o s t-p e a k )  th e  m ilk  y ie ld  a p p ro x im a te ly  follow s a n  e x p o n e n tia l 
d ec lin e  (G a m e s, 1927) o f k k g /k g  p e r  w eek R e p la c in g  th e  f irs t e x p o n e n tia l in 
e q u a tio n  (2 2 6) by  th e  line  a — kn  gives th e  cu rv e
Yn = a -  bn -  ae~cn (2 2 7)
w h ere  Yn is th e  m ilk  y ie ld  in  la c ta tio n  w eek n  a n d  a , 6 a n d  c a re  th e  p a ra m e te rs  
T h is  m o d e l p re d ic ts  p e a k  m ilk  y ie ld  to  o cc u r a t  c _ 1/ n ( y )  w eeks a f te r  ca lv in g , w ith  
an  a p p ro x im a te ly  lin e a r  (Yn =  a — kn)  d ec lin e  th e re a f te r  (F isch e r , 1958) w h ere  k is 
now  m e a su re d  in  k g /w e e k  a n d  f  is a n  e s t im a te  o f th e  le n g th  o f la c ta tio n
In  m o re  re c e n t tim e s , W ilm in k  (1987), A h a n d  S chaeffer (1987) a n d  G u o  a n d  
Sw aive (1995) c re a te d  m o d e ls  w h ich , th e y  c la im ed , b e t te r  re p re se n te d  th e  sh a p e  of 
th e  la c ta t io n  cu rv e  W ilm in k  (1987) p ro p o se d  th e  fo llow ing n o n -lin e a r  p a ra m e tr ic  
cu rv e  w ith  fo u r p a ra m e te rs ,  to  p re d ic t th e  m ilk , f a t  a n d  p ro te in  y ie ld s  from  cows
Yn =  a  +  bn + ce~dn (2 2 8)
w h ere  n  is d ay s  in  m ilk  1 e d ay s s in ce  ca lv in g  A s d ay s  m  m ilk  in c reases , th e  
ex p o n e n tia l te rm , w h ich  is a s so c ia te d  w ith  th e  y ie ld  m  th e  ea rly  s ta g e s  o f la c ta tio n , 
te n d s  to  zero , a n d  th e  d ec lin e  in  y ie ld  a f te r  th e  p e a k  is e v e n tu a lly  re p re se n te d  by  th e  
s tr a ig h t line  a + bn U su a lly  th e  fo u r th  p a ra m e te r ,  d , is h e ld  c o n s ta n t ,  re d u c in g  th e  
n u m b e r  o f p a ra m e te rs  to  b e  e s t im a te d  from  four to  th re e  a n d  g re a tly  s im p lify in g  
th e  f it t in g  o f th e  cu rv e  B ro th e rs to n e  e t al (2000) show ed  d to  b e  c o n s is te n t over 
la c ta tio n s  a n d  over age g ro u p s  w ith in  la c ta tio n  for U K  d a ta ,  a t  a  v a lu e  o f 0 10, 
w h ile  O lo ri e t al (1999) e s t im a te d  d , fo llow ing a  p re lim in a ry  an a ly s is , to  b e  0 61 for 
th e ir  d a ta s e t
W h ile  th e  m o d e l o f W ilm m k  (1987) w as b e in g  d ev e lo p e d  in  th e  N e th e r la n d s , 
th e  m o d e l o f A h a n d  S chaeffer (1987), w h ich  is b ased  on  p o ly n o m ia l reg ress io n , w as 
b e in g  d ev e lo p ed  in  C a n a d a  T h e  reg ress io n  m o d e l p ro p o se d  by  A h  a n d  S chaeffer
13
(1987) was of the following form
Yn =  a  +  67 +  C72 +  dw 4- eu)2 +  /  (2 2 9)
w h ere  7  =  3^  , u  = l n ( ~ )  a n d  n = d ay s  since  ca lv in g  o r  d ay s  in  m ilk , a , 6, c, d a n d  
e a re  th e  reg ress io n  co -efficien ts w h ere  a is a s so c ia te d  w ith  th e  p e a k  y ie ld , d a n d  e 
w ith  th e  in c re a s in g  s lo p e  o f th e  cu rv e  a n d  b a n d  c a re  a s so c ia te d  w ith  th e  d ec reas in g  
slope , /  is th e  re s id u a l e r ro r  for th is  m o d e l T h is  reg ress io n  m o d e l re q u ire s  a t  le a s t 
six  te s t  w eigh ings in  o rd e r  to  e s t im a te  th e  p a ra m e te rs ,  w h ich  is a  d isa d v a n ta g e  for 
so m e a p p lic a tio n s , esp ec ia lly  w h en  u s in g  th is  m o d e l for e x te n d in g  p a r t  la c ta t io n  
rec o rd s  A h  a n d  Schaeffer (1987) u sed  th is  m o d e l spec ifica lly  for p re d ic tin g  m ilk  
y ie ld , b e c a u se  it  is a  p o ly n o m ia l reg ress io n  m o d e l it  keeps its  concave sh a p e  a n d  
th e re fo re  cou ld  n o t b e  u sed  to  m o d e l th e  fa t a n d  p ro te in  c o n te n t o f m ilk  
G u o  a n d  Sw alve (1995) p ro p o se d  th e  m ix ed  lo g a ri th m ic  m o d e l
Yn =  a +  b\fn  +  c lo g (n )  (2 2 10)
w h ere  n is th e  n u m b e r  o f w eeks since  ca lv in g  O lo ri e t  al (1999) ex a m in e d  th is  m o d e l 
a lo n g  w ith  th o se  o f  W o o d  (1967), W ilm in k  (1987) a n d  A h  a n d  Schaeffer (1987) a n d  
fo u n d  th a t  th e  c o m b in ed  e x p o n e n tia l a n d  lin e a r  m o d e l p ro p o se d  by  W ilm in k  (1987) 
w as th e  b e s t  th r e e -p a ra m e te r  m o d e l for p re d ic tin g  h e rd  m e a n  y ie ld , h av in g  b o th  
th e  sm a lle s t a n d  le as t c o r re la te d  re s id u a ls  I t  a lso  p e rfo rm e d  a d e q u a te ly  in  f it t in g  
in d iv id u a l la c ta t io n  d a t a
2 2 2 Test-day Models and their Sub-categories
O th e r  s tu d ie s , h av e  d e a lt  spec ifica lly  w ith  th e  s h a p e  o f th e  la c ta t io n  cu rv e  by  re la tin g  
in d iv id u a l te s t  d ay  y ie ld s to  th e  s ta g e  o f la c ta tio n  a t  w h ich  th e y  w ere rec o rd e d  K e-
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ow n a n d  V an  V leck  (1973) p ro p o se d  a  m o d e l
Ytjk — M +  (H Y ) t +  (SA S)j  +  tijk (2 2 11)
w h ere  Y%0k is th e  m ilk  (or fa t)  p ro d u c tio n  on  a n  in d iv id u a l te s t  d ay  k in  th e  Ith 
h e rd -y e a r  a n d  th e  j th seaso n -ag e -s tag e , fi is a n  u n k n o w n  c o n s ta n t ,  (H Y ) l is th e  
effect o f  th e  i th h e rd -y e a r  in  th e ir  d a ta s e t  a n d  (S A S ) 3 is th e  effect d u e  to  th e  j th 
se aso n -ag e -s tag e  T h is  a p p ro a c h  allow s a  re s id u a l v a ria n ce -c o v a rian c e  m a tr ix  to  b e  
defin ed  su ch  th a t  e s tim a te s  o f y ie ld  for m issin g  te s t  d ay s ca n  b e  b a se d  on  th e ir  
e s t im a te d  co v a rian ces  w ith  o b se rv ed  te s t  d ay s  T h is  ty p e  o f a p p ro a c h  h a s  a lso  b ee n  
ex a m in e d  m  o th e r  s tu d ie s  such  as  th o se  o f Schaeffer a n d  B u rn s id e  (1976), S ta n to n  
e t  al (1992), P ta k  a n d  S chaeffer (1993) a n d  Lee e t a l (1995) H ow ever, s ig n ifican t 
d ev e lo p m e n ts  in  th e  use  o f te s t  d a y  m o d e ls  have  o c c u rre d  a n d  th e re fo re  th is  a re a  
o f  m o d e llin g  la c ta tio n  cu rv es h a s  b ra n c h e d  in to  th re e  su b -c a te g o r ie s  re p e a ta b il i ty  
te s t  d ay  m o d e ls  (R e e n ts  e t a l , 1998, P ta k  a n d  Schaeffer, 1993), ra n d o m  reg ressio n  
te s t  d ay  m o d e ls  (S chaeffer e t  a l , 2000, S chaeffer a n d  D ek k ers , 1994, J a m ro z ik  a n d  
S chaeffer, 1997, Ja m ro z ik  e t  a l , 1997, B ro th e rs to n e  e t  al , 2000, K e ttu n e n  e t a l ,
2000) a n d  re d u c e d  ra n k  te s t  d ay  m o d e ls  (L id a u e r  e t  al , 2000, A n d e rso n , 2002)
T h e  re p e a ta b il i ty  te s t  d ay  m o d e l c o n s id e rs  o b se rv a tio n s  w ith in  la c ta t io n  as  re ­
p e a te d  o b se rv a tio n s  ( P ta k  a n d  S chaeffer, 1993, R e e n ts  e t  a l , 1995) b u t  th e  s ta g e  of 
la c ta tio n  is c o n s id e red  o n ly  in  th e  fixed effect p a r t  o f th e  m o d e l I t  a s su m e s  th a t  
th e re  is a  s ta n d a r d  sh a p e  to  th e  la c ta tio n  cu rv e  for all cow s in  th e  sa m e  ag e-seaso n  
su b c la ss , a n d  th a t  th e  e s t im a te d  a d d itiv e  g en e tic  effects o f  a n im a ls  a re  re flec ted  in  
th e  d iffe rences in  th e  h e ig h t o f th e se  cu rv es D ifferences in  p e rs is te n c y  ( th e  le n g th  
o f tim e  th e  cow m a in ta in s  p e a k  p ro d u c tio n  d u r in g  a  la c ta t io n )  a re  ig n o red  in  th is  
m e th o d
Schaeffer a n d  D ek k e rs  (1994) p ro p o se d  a n  e x te n s io n  o f th e  r e p e a ta b il i ty  te s t  d ay  
m o d e l by  allow ing  th e  s h a p e  o f th e  la c ta tio n  cu rv e  to  d iffer for in d iv id u a l cow s by
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in c lu d in g  ra n d o m  reg ress io n  coeffic ien ts for each  a n im a l T w o  se ts  o f reg ressio n s 
w ere involved  fixed reg ressio n s for all cow s b e lo n g in g  to  th e  sa m e  su b c la ss  o f age- 
season  of ca lv m g  to  d e sc r ib e  th e  sh a p e  for t h a t  cow , a n d  th e  ra n d o m  reg ressio n  for 
a  cow  to  d e sc r ib e  th e  d e v ia tio n s  from  th e  fixed reg re ss io n s  T h is  ra n d o m  reg ressio n  
a llow s cow s to  have  d iffe ren tly  sh a p e d  la c ta tio n  cu rv es Ja m ro z ik  a n d  S chaeffer 
(1997) a n d  Ja m ro z ik  e t  a l (1997) e x a m in e d  ra n d o m  reg ress io n  m o d e ls  a n d  co n c lu d e d  
t h a t  fu r th e r  s tu d y  on  a p p ro p r ia te  fu n c tio n s  t h a t  ca n  b e  u sed  in  a  ra n d o m  reg ressio n  
m o d e l seem ed  w a r ra n te d , as  d iffe rences b e tw e en  th e  m o d e ls  th a t  w ere chosen  in 
th e ir  s tu d y  m ay  n o t b e  t h a t  im p o r ta n t  on  a  p ra c tic a l b as is  B ro th e rs to n e  e t al 
(2000) in v e s tig a te d  o th e r  fu n c tio n s  su ita b le  for th e  a n a ly s is  o f d a ily  m ilk  y ie ld , 
u s in g  ra n d o m  reg ress io n  m ode ls , th e ir  re su lts  show ed  th a t  th e  m e a su re m e n t e rro r  
v a ria n ce s  w ere g en e ra lly  low est a ro u n d  p e a k  la c ta tio n , a n d  h ig h e r  a t  th e  b e g in n in g  
a n d  th e  e n d  o f la c ta t io n  K e ttu n e n  e t  a l (2000) su g g e s ted  th a t  d u e  to  th e  s ta t is t ic a l  
c o m p lex ity  o f r a n d o m  reg ressio n  m ode ls , th e  use  o f m u l t i t r a i t  m o d e ls  w ould  b e  m o re  
usefu l for m o d e llin g  th e  la c ta tio n  cu rv es o f d a iry  cow s
T h e  th i r d  su b -c a te g o ry  o f te s t-d a y  m o d e ls  is th e  re d u c e d  ra n k  m o d e l L id a u e r  
e t  a l (2000) u sed  th e  fo llow ing m u lt ip le - tra i t  m u lt i- la c ta t io n  re d u c e d  ra n k  ra n d o m  
reg ressio n  te s t-d a y  m o d e l
VFijklmnoq
VLijklmnopq
ageFi dccpj {ym )F ki
ageLi
+
dccLj
+
(ym )Lki
+
+
4 > { D IM )  b Fm  
< j> {D IM )  b Lm
EiLi 8(DIM)Fraor
s ( D /M ) Lra o(r+6)
(■hV)Fnk (.h t m )F n k i
+ +
(h y )L n k ( h t m )Lnkl
+
E Î U  t ( D I M ) F rPor  
1 I M )  i^rpoir+ô)
+
VFijklmnoq
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Iw h ere  yFijkimnoq a re  th e  f irs t la c ta tio n  te s t-d a y  o b se rv a tio n s  o f m ilk , p ro te in , a n d  
fa t y ie ld s, a n d  yujkimnopq a re  la te r  la c ta tio n  o b se rv a tio n s  T h e  fixed effects a re  age 
a t  ca lv in g  (age ),  d ay s  c a rr ie d  c a lf  (dcc), te s t-y e a r  x  te s t-m o n th  (y m ), reg ressio n  
coeffic ien ts o r th e  sh a p e  o f th e  la c ta tio n  cu rv e  ( < f > (D IM )b), a n d  th e  h e rd -y e a r  (h y ) 
o f th e  te s t  T h e  s ta g e  o f la c ta t io n  is m o d e lled  by  a n  in te ra c t io n  o f la c ta tio n  cu rv e , 
ca lv m g  season , ca lv m g  y ea r  a n d  la c ta tio n  n u m b e r  w h ere  th e re  a re  th re e  ca lv m g  
seaso n s, N o v em b er - F eb ru a ry , M a rc h  - Ju n e , a n d  J u ly  - O c to b e r  a n d  th re e  ca te g o rie s  
o f la c ta tio n  n u m b e r  (1 , 2 , 3 + )  T h e  covariab les  ( p ( D IM )  = [C1C2C3C4C5], w h ere  c i ,  C2, 
a n d  C3 re p re se n t a  q u a d ra t ic  L eg en d re  p o ly n o m ia l by  d ay s  in  m ilk  (D I M ), a n d  c 4 
a n d  C5 a re  e x p o n e n tia l te rm s  e x p (— p \ D I M )  a n d  e x p (— p 2 D I M ) ,  w h e r e p \  is 0 05 for 
m ilk  y ie ld  a n d  0 10 for th e  o th e r  t r a i ts ,  a n d  p 2  is 0 06 ,0  01, a n d  0 35 for m ilk , p ro te in  
a n d  fa t y ie ld  re sp e c tiv e ly  o f f irs t la c ta t io n  cow s a n d  0 04 ,0  20, a n d  0 35 re sp e c tiv e ly  
for m ilk , p ro te in  a n d  fa t y ie ld  o f second  a n d  la te r  la c ta tio n  cow s A lth o u g h  re d u c e d  
ra n k  m o d e ls  re d u c e  th e  n u m b e r  o f coeffic ien ts to  b e  e s t im a te d  p e r  a n im a l, if  th e  
m o d e l is m issp ec ified  it  c au ses th e  effects o f u n d e r-  a n d  over- e s tim a tin g  o f th e  ra n k  
o f th e  re d u c e d  fo rm , w h ich  le ad s  to  b ia ses  o c c u rr in g  o r  u n n e c e s sa r ily  la rg e  v a ria n ce s  
o f th e  e s t im a to rs  a n d  p re d ic to rs  (A n d e rso n , 2002)
2 2 3 Multiphasic Approach
A m u ltip h a s ic  a p p ro a c h  to  m o d e llin g  la c ta tio n  cu rv es w as c o n s id e red  by  G ro s sm a n  
a n d  K o o p s  (1988) T h e  m u lt ip h a s ic  fu n c tio n  su g g e s ts  t h a t  th e  la c ta tio n  o f a  cow  is 
m a d e  u p  o f sev era l p h ases , a n d  by  c u m u la tin g  th e  p ro d u c tio n  m  each  o f th e se  p h ases , 
th e  fu n c tio n  e s tim a te s  th e  to ta l  m ilk  p ro d u c tio n  T h e  m a m  a d v a n ta g e  o f th is  a p ­
p ro a c h  is t h a t  it  c re a te s  sm a lle r, m o re  ra n d o m  re s id u a ls  th a n  th e  in c o m p le te  g a m m a  
fu n c tio n  (W ood , 1967), it  p re d ic ts  th e  to ta l  305 -day  y ie ld  w ith o u t a p p ro x im a tio n  
a n d  its  p a ra m e te r s  a re  easily  in te rp re ta b le  a n d  h av e  b io log ica l im p o r ta n c e  (D e B o er 
e t a l , 1989) G ro s sm a n  a n d  K o o p s  (1988) co n c lu d e d  th a t  tw o  la c ta tio n  p h a se s  (p re- 
a n d  p o s t-  p ea k ) w ere su ffic ien t to  m o d e l th e  la c ta t io n  cu rv e  o f m ilk  y ie ld  H ow ever,
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D e B o e r e t  a l (1989) fo u n d  th a t  a  tr ip h a s ic  fu n c tio n  w as n ec essa ry  to  m o d e l m ilk  
y ie ld  w h ile  fa t y ie ld  co u ld  b e  m o d e lle d  u s in g  a  d ip h a s ic  m o d e l S h e rc h a n d  e t  al 
(1995) a n d  V arg as e t al (2000) a lso  e x a m in e d  m u ltip h a s ic  m o d e ls , specifically  m ul- 
t ip h a s ic  lo g is tic  m ode ls  T h e se  m o d e ls  w ere of a  fo rm  s im ila r  to  t h a t  o f G ro ssm a n  
a n d  K o o p s  (1988), as  follows
p
Yn =  5 ^ ( o A [ 1  ~~ tanh2(bt (n -  c*))]) (2 2 12)
w h ere  Y n is  th e  m ilk  y ie ld  on  d ay  n, p  is th e  n u m b e r  o f la c ta t io n  p h a se s , t a n h  is 
th e  h y p e rb o lic  ta n g e n t fu n c tio n , azbt is th e  p e a k  y ie ld  for p h a s e  i, ct is th e  p e a k  
d ay  for p h a se  i a n d  26” 1 is th e  tim e  ta k e n  (in  days) to  a t ta in  a b o u t  75 p e r  c e n t 
a s y m p to tic  y ie ld  d u r in g  p h a s e  % I t  w as fo u n d  th a t  m u lt ip h a s ic  lo g is tic  m o d e ls  a re  
in tr in s ic a lly  su ita b le  to  d e sc rib e  e x te n d e d  la c ta tio n s  (V argas e t  a l , 2000) b u t  t h a t  a  
c o m p u te r  m u s t c o n s is te n tly  m o n ito r  th e  d a ily  y ie ld  o f in d iv id u a l cow s b efo re  u s in g  
th is  a p p ro a c h  (S h e rc h a n d  e t a l , 1995) T h e  m a jo r  c r it ic ism  o f th is  a p p ro a c h  is t h a t  
th e re  a p p e a r s  to  b e  no  physio log ica l fo u n d a tio n  for a s su m in g  th a t  la c ta tio n  is a  
m u lt ip h a s e d  p ro cess  (T ozer a n d  H uffaker, 1999), even  th o u g h  th e  fu n c tio n  a p p e a rs  
to  b eh a v e  well a n d  p ro v id e  a  valid  s ta t is t ic a l  r e s u lt  (R ook  e t a l , 1993)
2 2 4 Bayesian Approach
Jo n e s  (1997) ex a m in e d  a  B ay esian  a p p ro a c h  to  th e  u se  o f  th e  m o d e l o f W ood  (1967) 
a n d  fo u n d  t h a t  it  h a d  m a n y  a d v a n ta g e s  T h e  B ay esian  a p p ro a c h  w as m o re  a c c u ra te  
in  p re d ic t in g  th e  m ilk  y ie ld  a n d  it  w as rea d ily  a d a p te d  to  in d iv id u a l h e rd s , how ­
ever, Jo n e s  (1997) co n c lu d e d  th a t  fu r th e r  in v e s tig a tio n  w as n ec essa ry  R e k ay a  e t al 
(2000) a n d  Ja m ro z ik  e t a l (2001) ex a m in e d  th e  m o d e ls  o f W o o d  (1967) a n d  W ilm in k  
(1987) u s in g  B a y esian  an a ly sis , a n d  c o n c lu d e d  th a t  m  th e  fu tu re  th is  m e th o d  m ig h t 
b e  u se d , b u t  th a t  c o m p u tin g  l im ita tio n s  p re v e n te d  th e se  m e th o d s  fro m  b e in g  u sed  
for ro u tin e  n a t io n a l  g e n e tic  e v a lu a tio n s  T h e  B a y esian  a p p ro a c h  to  m o d e llin g  lac­
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ta t io n  cu rv es is v e ry  su b je c tiv e , if th e  p r io rs  a re  n o t chosen  c o rre c tly  it  can  have a  
m a jo r  c o n seq u e n ce  on  th e  m o d e l b e in g  in v e s tig a te d
2 2 5 Autoregressive Procedures
A n o th e r  a p p ro a c h  w h ich  h a s  b ee n  u sed  in  m o re  re c e n t tim e s  to  m o d e l la c ta tio n  
cu rv es is th e  a u to re g re ss iv e  te s t  d ay  m o d e l (M a c c io tta  e t al , 2002, V asconcelos e t a l ,
2002) A lth o u g h  th is  p ro c e d u re  re q u ire s  t h a t  th e  d a t a  is rec o rd e d  a t  eq u a l in te rv a ls , 
w h ich  is n o t th e  case  w ith  th e  d a ta s e t  in  th is  s tu d y , C a rv a lh e ira  e t  a l (1998, 2001) 
in d ic a te d  th a t  a u to re g re ss iv e  te s t  d ay  r e p e a ta b il i ty  m o d e ls  cou ld  e s t im a te  a c c u ra te  
la c ta tio n  cu rv es a n d  p re d ic t all te s t  d ay  re s id u a l y ie ld s from  all cow s p re se n t in  th e  
a n a ly s is  T h e  a u to re g re ss iv e  m o d e l u sed  by  V asconcelos e t al (2002) for m o d e llin g  
m ilk , fa t a n d  p ro te in  y ie ld s, w as as follows
VijkLmn = HTD% +  Age(H)j +  DIM(H)k +  Pm(L) +  ^n(mL) +  tijkLmn (2 2 13)
w h ere  y is th e  te s t  d ay  y ie ld , HTD is th e  fixed effect o f h e rd - te s t-d a te ,  Age(H) is 
th e  fixed effect o f age a t  ca lv m g  n e s te d  w ith m  h e rd , DIM(H) is th e  fixed effect o f 
d ay s  in  m ilk  (D IM ) n e s te d  w ith in  h e rd  a n d  la c ta tio n  (L ), p is th e  ra n d o m  effect o f 
th e  long  te rm  e n v iro n m e n ta l effects a c c o u n tin g  for th e  c o rre la tio n s  g e n e ra te d  by  th e  
cow ac ro ss  th e  la c ta tio n  (L ), t is th e  ra n d o m  effect o f th e  s h o r t  te rm  e n v iro n m e n ta l 
effects a c c o u n tin g  for th e  c o rre la tio n s  d u e  to  th e  cow  b e tw e en  te s t  d ay  a n d  w ith m  
la c ta tio n , a n d  e is th e  ra n d o m  re s id u a l effect B o th  p a n d  t a re  f it te d  w ith  f irs t 
o rd e r  a u to c o r re la tio n  s t r u c tu re s  I t  w as fo u n d  th a t  a u to re g re ss iv e  m o d e ls  a re  s im p le  
to  use  a n d  ca n  b e  easily  im p le m e n te d  in  d a t a  re c o rd in g  so ftw are , even  a t  fa rm  
level (M a c c io t ta  e t  al , 2002) H ow ever, th e y  re p re se n t a  re la tiv e ly  new  a p p ro a c h  to  
m o d e llin g  la c ta tio n  cu rv es a n d  n eed  to  b e  in v e s tig a te d  fu r th e r
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In  I re la n d , th e  S L A C  (S ta n d a rd  L a c ta t io n  C u rv e ) m e th o d  o f O lo ri a n d  G ale s lo o t 
(1999) is th e  p re fe rre d  m e th o d  for p re d ic t in g  m ilk , fa t a n d  p ro te in  y ie ld  T h is  
m e th o d  in c o rp o ra te s  2,160 la c ta t io n  cu rves for m ilk  a n d  its  c o n s ti tu e n ts ,  a c c o u n tin g  
for v a r ia tio n  in  th e  effect o f season , ca lv in g  age a n d  level o f p ro d u c tio n  I t  is 
ack n o w led g ed  how ever, t h a t  h a v in g  a  l ib ra ry  o f e q u a tio n s , from  w h ich  th e  m o s t 
a p p r o p r ia te  one is chosen , w ill a lm o s t in e v ita b ly  give a c c u ra te  p re d ic tio n s  T h is  
m e th o d  involves in te rp o la tio n  a n d  in itia lly  th e  y ie ld s  for a  se t of 15 fixed d a y s  
a re  p re d ic te d  Y ie ld s  on  th e  d ay s  b e tw e en  m e a su re d  y ie ld s  a re  o b ta in e d  by  lin e a r  
in te rp o la tio n  w h ile  a  305 -day  y ie ld  is c a lc u la te d  for each  la c ta tio n  Y ields on  d ay s  
b e fo re  th e  firs t re c o rd in g  a n d  a f te r  th e  la s t  re c o rd in g  a re  o b ta in e d  by  f it t in g  th e  
m o d e l o f W ilm m k  (1987) to  th e  av a ilab le  te s t  d ay  re c o rd s
2 2 7 Milk Yield and Milk Constituents Literature Summary
A w id e  v a r ie ty  o f fu n c tio n  fo rm s have  b ee n  su g g e s ted  to  p re d ic t th e  te s t  d ay  va lues  of 
m ilk  y ie ld , fa t c o n te n t a n d  p ro te in  c o n te n t from  a  le n g th y  se a rch  for a  ro b u s t m o d e l 
A  m o d e l t h a t  p e rfo rm s  well s ta t is t ic a lly  over a  w ide v a r ie ty  o f d a ta s e ts ,  a n d  th a t  
c o rre c ts  m in o r  b io log ica l d e fec ts  p e rce iv ed  in  p re v io u s ly  a p p lie d  m o d e ls  is w h a t is 
re q u ire d  (T ozer a n d  H uffaker, 1999) M o st o f th e  m e th o d s  o u tlin e d  above  a re  b a se d  
on  p a ra m e tr ic  la c ta t io n  cu rv es o f h o m o g en eo u s g ro u p s  o f cow s w ith  in fo rm a tio n  on  
in d iv id u a l cow  v a r ia tio n s  Jo n e s  (1997) p ro p o se d  a n  e m p irica l B ay esian  m e th o d  in  
w h ich  m ilk  y ie ld s  from  a  la c ta tio n  in  p ro g re ss  a re  c o m b in ed  w ith  p r io r  in fo rm a tio n  
g a th e re d  fro m  th e  h e rd  Schaeffer a n d  Ja m ro z ik  (1996) su g g e s ted  a  m u lt ip le - tr a i t  
p ro c e d u re  t h a t  in c o rp o ra te d  in fo rm a tio n  a b o u t  av erag e  la c ta t io n  cu rv es a n d  covari­
an ces  b e tw e en  te s t  d ay  y ie ld s for m ilk , fa t a n d  p ro te in  A lth o u g h  th e se  so p h is tic a te d  
m e th o d s  a re  ab le  to  g ive p re d ic tio n s  w ith  re a so n a b le  accu racy , it  is a t  th e  ex p e n se  
o f g re a t  c o m p u ta t io n a l  d e m a n d  a n d  m a th e m a tic a l  e ifo rt (M a c c io t ta  e t al , 2002)
2 2 6 Standard Lactation Curve M ethod in Current U se m Ireland
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T h u s , th e  e m p irica l reg ress io n  a p p ro a c h  to  m o d e llin g  la c ta tio n  cu rv e s  is m o re  ef­
fective for p re d ic tio n  p u rp o se s  (P e ro c h o n  e t al , 1996) O fte n , e m p irica l reg ressio n  
m e th o d s  a re  b io log ica lly  in te rp re ta b le  a n d  a re  c o n s id e red  m o re  a p p ro p r ia te  for u se  
b y  b io -ec o n o m ists  w ho  n eed  to  c o n s ta n tly  u p d a te  a n d  re -c re a te  th e  p a ra m e te rs  for 
d iffe ren t scen a rio s  T h e  s im p lic ity  o f use  a n d  th e  a b ility  o f e m p irica l reg ressio n  
m o d e ls  to  b e  b io log ica lly  in te rp re ta b le  a re  th e  re a so n s  w hy  th is  s tu d y  focuses on  
in v e s tig a tin g  th e  e m p irica l reg ress io n  m e th o d s  o f m o d e llin g  la c ta tio n  cu rv es m  th e  
I r is h  c o n te x t
2.3 Modelling Liveweight
T h re e  a p p ro a c h e s  have  b e e n  u sed  to  m o d e l th e  e v o lu tio n  o f livew eigh t o f cows 
m o d e llin g  livew eigh t u s in g  b o d y  m e a su re m e n ts  (G ra v ir , 1967, H ein rich s  e t a l , 1992, 
W icks, 2001, M a d a le n a  e t  al , 2003), m o d e llin g  livew eigh t from  b ir th  to  m a tu ­
r ity  (B ro w n  e t  a l , 1976, B a k k e r a n d  K o o p s , 1978, T ay lo r, 1980, M oore , 1985, P er- 
o t to  e t  al , 1992, B e rry  e t al , 2005) a n d  m o d e llin g  livew eigh t over a  la c ta tio n  (W ood  
e t  al , 1980, K o rv e r  e t a l , 1985, L o p ez -V illa lo b o s e t al , 2001)
2 3 1 Estimating Liveweight Using Body Measurements
T h e  m o tiv a tio n  for re se a rc h  in to  th e  use  o f b o d y  m e a su re m e n ts  to  p re d ic t livew eigh t 
is t h a t  m o s t fa rm s do  n o t h av e  w eigh ing  m a ch in e s  c a p a b le  o f m e a su r in g  d a iry  co w s’ 
livew eigh t A s livew eigh t d e p e n d s  la rg e ly  on  th e  c o n te n t o f ru m e n , in te s tin a l ca n a l 
a n d  b la d d e r , b o d y  m e a su re m e n ts , a n d  esp ec ia lly  h e a r t  g ir th ,  a re  fre q u e n tly  u sed  
in o rd e r  to  e s t im a te  livew eigh t m  c a tt le  a n d  a re  less likely to  b e  affec ted  by  e x t r a ­
n eo u s  e n v iro n m e n ta l fa c to rs  (G ra v ir , 1967, M a d a le n a  e t  a l , 2003) G ra v ir  (1967) 
a n d  H e in ric h s  e t  a l (1992) fo u n d  h e a r t  g ir th  to  b e  th e  b e s t  s ing le  e s t im a to r  o f 
livew eigh t a n d  u s in g  one o r m o re  lin e a rly  c o m b in ed  m e a su re m e n ts  in  a d d itio n  to  
h e a r t  g ir th  w as fo u n d  n o t to  im p ro v e  th e  e s t im a te  a p p re c ia b ly  over u s in g  h e a r t  
g ir th  a lo n e  W icks (2001) e x a m in e d  th e  m o d e ls  o f  A y a la  e t a l (1992) a n d  D ev ir
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e t  al (1995) a n d  p ro p o se d  a  m o d e l, w h ich  in c lu d e d  b o d y  c o n d itio n  sco re , b o d y  size, 
p a r i ty  a n d  s ta g e  o f g e s ta t io n , th is  m o d e l ta k es  th e  fo llow ing  fo rm
L W  = - 7 5 1  +  58 7B C S  +  7 92H t  +  18 3 SG  +  42 7 P  (2 3 1)
w h ere  L W  is th e  hvew eigh t, m e a su re d  m  k ilo g ram s, B C S  is b o d y  c o n d itio n  score , 
H t  is th e  h e ig h t a t  w ith e rs , SG  is th e  s ta g e  o f g e s ta t io n  (0 =  n o n -p re g n a n t,  1 =  1 
to  90 d ay s  p re g n a n t,  2 =  91 to  180 d ay s p re g n a n t,  3 >  181 d ay s o f g e s ta t io n )  
a n d  P  is th e  la c ta t io n  n u m b e r  o r p a r i ty  (1 ,2  o r >  3) T h e  m o d e l o f W icks (2001) 
a n d  o th e r  s im ila r  fu n c tio n s  co n s is tin g  o f b o d y  m e a su re m e n ts  as su m e  th a t  th e  b o d y  
m e a su re m e n ts  a re  ta k e n  a c c u ra te ly  b u t  in e v ita b ly  e r ro rs  a re  fre q u e n tly  m a d e  w h en  
re c o rd in g  th e se  m e a su re m e n ts
2 3 2 Liveweight from Birth to Maturity
M o d e llin g  h v ew e ig h t from  b ir th  to  m a tu r i ty  w as in itia lly  e x a m in e d  by  B ro w n  e t al 
(1976) T h e y  in v e s tig a te d  th e  w ell-know n g ro w th  m o d e ls  (See T ab le  2 1) o f G om - 
p e r tz  (W m so r, 1932), B ro d y  (1945), V on B e rta la n ffy  (1957) a n d  R ic h a rd s  (1959) 
H ow ever, it  w as fo u n d  th a t  th e se  c o n s is te n tly  o v e re s tim a te d  w eig h t a t  ea rly  ages
T ab le  2 1 E q u a tio n s  for five g ro w th  cu rv e s
M o d e l E q u a t i o n 0
V on B e rta la n ffy  
B ro d y  
G o m p e r tz  
R ic h a rd s
Vt =  A{ 1 -  B e - Ktf  
Vt = A(1 -  B e '* * ) 
yt = yoeL(\ -  e~ai) /a  
yt = A(  1 -  Be~Kt)M
a yt =weight at age £, A, B,K, L, M and a are 
fitted parameters
B ro w n  e t a l (1976) fo u n d  th a t  w h en  f it t in g  w eig h t-ag e  d a t a  w h ere  th e  goodness-o f- 
fit, e sp ec ia lly  p r io r  to  te n  m o n th s  o f age, is c ritic a l, a  fo u r p a ra m e te r  m o d e l, kn o w n  
as  th e  R ic h a rd s  m o d e l (R ic h a rd s , 1959) w as m o s t s a tis fa c to ry  T h is  c o rre sp o n d s  to  
th e  fin d in g s o f P e r o t to  e t al (1992) O th e r  a u th o rs , su ch  as  M o o re  (1985), p ro p o se d
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a l te rn a t iv e  m e th o d s  to  p re d ic t th e  b o d y  w eig h t o f a  cow from  em b ry o  to  a d u l t  u sin g  
a  m o d e l o f th e  fo llow ing  fo rm
W  = A{1 + e ~ Pn los^ ~ 3 5)/-4° 27 ) ~ 1/0 27 (2 3 2)
w h ere  W  is th e  w eig h t o f th e  cow  a t  age t, pn is a n  n th o rd e r  p o ly n o m ia l a n d  A  is 
a  f it te d  p a ra m e te r  T h e re  is no  g en e ra l c o n sen su s  on  th e  m o s t u n iv e rsa lly  su ita b le  
g ro w th  cu rv e  (B e rry  e t al , 2005) b u t  th e  fu n c tio n  se lec tio n  sh o u ld  d e p e n d  u p o n  th e  
n a tu re  o f th e  s tu d y  a n d  th e  in te n d e d  a p p lic a tio n  o f th e  re su lts
2 3 3 Modelling Liveweight over a Lactation
T h e  fo re -m en tio n e d  m o d e ls  t h a t  d e sc rib e  livew eigh t a re  u se fu l for d esc r ib in g  th e  
in d iv id u a l livew eight cu rv e  for m o re  th a n  o n e  la c ta t io n  H ow ever, it  is a lso  n ecessa ry  
to  m o d e l th e  livew eigh t ch an g es  w ith in  a  la c ta tio n  for th e  o vera ll m a n a g e m e n t o f 
d a iry  h e rd s  a n d  th e  fo rm u la tio n  of d ie ts  A  c o m b in a tio n  o f g ro w th , ch an g e  in 
a l im e n ta ry  t r a c t  fill, p re g n a n c y  a n d  a l te r n a te  d e p o s itio n  a n d  c a ta b o lism  o f  b o d y  
tis su e  rese rv es h av e  a n  effect on  livew eigh t (K o rv er e t a l , 1985) w hich  cau ses th e  
cu rv e  o f livew eigh t to  fall ra p id ly  a f te r  ca lv in g  a n d  th e n  rise  slow ly u n til  th e  n e x t 
ca lv in g
W ood  e t  a l (1980) d e sc r ib e d  livew eight ch an g es  o f B r itis h  d a iry  cow s from  sev ­
e ra l b re e d s  u s in g  th e  g a m m a  fu n c tio n  (o u tlin e d  in  S ec tio n  2 2 1), b u t  th e  an a ly s is  
w as re s tr ic te d  to  th e  f irs t 20 w eeks a f te r  ca lv m g  V ario u s  re se a rch e rs  (K o rv e r e t  al , 
1985, B e rg lu n d  a n d  D an e ll, 1987, L o p ez -V illa lo b o s e t  al , 2001) have  a lso  u sed  th is  
m o d e l to  d e sc r ib e  th e  e v o lu tio n  o f th e  livew eigh t o f cow s th ro u g h o u t a  la c ta t io n  
K o rv e r e t  a l (1985) c o n s tru c te d  a  fu n c tio n , from  th e  in c o m p le te  g a m m a  fu n c tio n , 
in c o rp o ra t in g  livew eigh t level (scale) to g e th e r  w ith  v a ria b le s  re p re se n tin g  p re g n a n c y  
s ta tu s ,  th e  m a x im u m  d ec rease  of livew eigh t d u r in g  th e  la c ta tio n  a n d  th e  tim e  d u r in g
2 3
lactation at which minimum liveweight occurred as follows
= P i + P 2 ( ip - 5 0 )3 + P 3 ii /P 4 e (1 ti/p4) +  £rf,ip (2 3 3)
w h ere  yltltp is th e  livew eigh t o f cow i a t  ti d ay s since  ca lv in g  a n d  tv d ay s p re g n a n t,  
p i  is th e  level o f livew eight, P 2 is th e  p re g n a n c y  p a ra m e te r ,  P3 is th e  m a x im u m  
d e c re a se  o f livew eigh t d u r in g  th e  la c ta tio n , p$ is th e  tim e  d u r in g  th e  la c ta tio n  w ith  
th e  m in im u m  livew eigh t, ti is th e  n u m b e r  o f d ay s since  ca lv m g , tp is th e  n u m b e r  o f 
d a y s  p r e g n a n t (tp — 50 >  0) a n d  t xtxtv is th e  e r ro r  te rm  K o rv e r e t  al (1985) fo u n d  
it  d ifficu lt to  e s t im a te  th e  p re g n a n c y  p a ra m e te r  b a se d  on  th e  m e a su re m e n ts  for th e  
f irs t 40 w eeks o f la c ta tio n , th is  b e in g  a  m a jo r  c r it ic ism  o f th is  w ork  B e rg lu n d  a n d  
D an e ll (1987) a n d  L o p ez -V illa lo b o s  e t a l (2001) u sed  W o o d ’s fu n c tio n  to  p re d ic t 
livew eight ch an g e , as th is  m o d e l h a d  b ee n  u sed  in  ea r lie r  s tu d ie s  W h ile  B e rg lu n d  
a n d  D an e ll (1987) focused  th e ir  a t te n t io n  on  th e  firs t p e r io d  o f la c ta tio n  only, L opez- 
V illa lo b o s  e t al (2001) c o m p a re d  th e  la c ta tio n  cu rves o f m ilk  t r a i ts ,  livew eight 
a n d  b o d y  c o n d itio n  sco re  for tw o  g en e tic  s tr a in s  o f cow s, n am e ly  heavy  a n d  lig h t 
H o ls te m -F rie s ian s
2 3 4 Liveweight Literature Summary
T h e  th re e  a p p ro a c h e s  d iscu ssed  to  m o d e l th e  livew eigh t o f cow s each  have  th e ir  ow n 
q u a litie s  W h ile  th e  use  o f b o d y  m e a su re m e n ts  a n d  g ro w th  cu rv es p re se n t a n  overa ll 
p ic tu re  o f livew eigh t from  em b ry o  to  m a tu r ity , a  m o d e l w h ich  is se n s itiv e  to  th e  
ra p id  loss o f livew eigh t a f te r  ca lv m g  a n d  th e n  th e  g ra d u a l g am  in  livew eigh t u n til 
th e  s t a r t  o f th e  fo llow ing ca lv m g  is a lso  re q u ire d  A c c u ra te  m e a su re s  o f livew eigh t 
d u r in g  th is  p e r io d  can  b e  very  benefic ia l w h en  m a k in g  m a n a g e m e n t a n d  n u tr i t io n a l  
d ec is io n s a t  h e rd  level a n d  for in d iv id u a l cow s (F o rb es, 1983, W a lte r  e t  a l , 1984) 
T h e re fo re  it  is n ec essa ry  to  d e riv e  a n  e q u a tio n  m  th e  I r is h  c o n te x t t h a t  w ill m o d e l 
th e  livew eigh t ch a n g e  o f d a iry  cow s over a  la c ta t io n  w ith  m in im u m  e rro r  T h is  m o d e l
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w ould  n ee d  to  ta k e  in to  ac c o u n t c e r ta in  fu n d a m e n ta l p r in c ip le s , su ch  as age a n d  
la c ta tio n  w eek E m p ir ic a l reg ress io n  m e th o d s  su c h  as th o se  o u tlin e d  by  W o o d  e t  al 
(1980) a n d  K o rv e r e t al (1985) fo rm ed  th e  b as is  fo r in v e s tig a tin g  th is  in  m o re  d e ta il
2.4 Chapter Summary
In  th is  c h a p te r  a n  overv iew  o f som e im p o r ta n t  resea rch , w h ich  fo rm s th e  fo u n d a tio n  
of th e  w ork  p re se n te d  in  th e  re s t  of th is  th e s is , w as p re se n te d  S evera l o b se rv a tio n s  
re g a rd in g  th e  l im ita tio n s  o f p re v io u s  w ork  h av e  b e e n  m a d e  In  o rd e r  to  m o d e l th e  
la c ta tio n  cu rv es o f m ilk  y ie ld , fa t c o n te n t, p ro te m  c o n te n t a n d  livew eigh t, th e  fac to rs  
w h ich  affect th e se  m e asu res , th e  m o d e llin g  te c h n iq u e s  a n d  th e  s ta t is t ic a l  an a ly s is  
involved  n eed  to  b e  a d d re sse d
F ro m  th e  rev iew  o f th e  l i te r a tu re ,  m  th is  c h a p te r ,  i t  h a s  b e e n  d ec id e d  th a t  
e m p irica l a lg e b ra ic  m o d e ls  w ill b e  e x a m in e d  w h en  p ro p o s in g  m o d e llin g  te c h n iq u e s  
to  re p re se n t th e  sh a p e  o f m ilk  y ie ld , fa t c o n te n t, p ro te in  c o n te n t a n d  livew eight 
c u rv es A s th is  s tu d y  lim its  itse lf  to  e x a m in in g  th e se  t r a i t s  over a  la c ta tio n  p e r io d  
a n  e m p irica l reg ress io n  m o d e l w ou ld  m o s t likely  y ie ld  th e  m o s t u se fu l re su lts  T h e se  
m o d e ls  a re  o ften  b io log ica lly  m te rp re ta b le  a n d  a re  ea sy  to  a p p ly  w h ich  is o f g re a t 
b e n e f it to  sc ie n tis ts  a n d  e c o n o m is ts  T h e y  a re  s im p le  m o d e ls  a n d  th e  l i te r a tu r e  
su g g e sts  t h a t  th e y  a re  g en e ra lly  m o re  effective th a n  m o re  s o p h is tic a te d  m o d e ls  in  
p re d ic tin g  la c ta t io n  cu rv es T h e  fac to rs  w h ich  affec t th e  m ilk  y ie ld , f a t c o n te n t, 
p ro te m  c o n te n t a n d  livew eigh t o f cow s w ill b e  in v e s tig a te d  in  th e  n e x t c h a p te r  b e fo re  
th e  m o d e llin g  is p e rfo rm e d
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C h a p t e r  3
G e n e r a l  A n a l y s is  o f  D a t a
3 1 Introduction
T h is  c h a p te r  d e sc rib es  th e  d a t a  u sed  th ro u g h o u t th is  s tu d y  a n d  ex am in es , for th e  
f irs t t im e  in  re c e n t y ea rs , th e  fa c to rs  w h ich  affec t th e  m ilk  p ro d u c tio n  o f  I r ish  d a iry  
cow s I t  w ill an a ly se  th e se  fa c to rs  a n d  d e m o n s tr a te  th e  affec ts  th e y  have on  m ilk  
y ie ld , th e  c o n c e n tra tio n  o f its  eco n o m ica lly  im p o r ta n t  c o n s ti tu e n ts  as  well as  th e  
e v o lu tio n  o f th e  hvew eigh t o f th e  an im a l th ro u g h o u t  i ts  la c ta t io n
A c o n s id e ra b le  a m o u n t of w ork  h a s  b e e n  d o n e  in te rn a tio n a lly  in  a n a ly s in g  th e  
fa c to rs  w h ich  affect m ilk  p ro d u c tio n , b u t  in  th e  I r ish  c o n te x t th e  issue h a s  n o t  b ee n  
e x a m in e d  m  d e ta il  for som e co n s id e rab le  tim e  C u n n in g h a m  (1972) in v e s tig a te d  th e  
fac to rs  w h ich  effect to ta l  m ilk  a n d  fa t y ie ld s  o f  I r ish  d a iry  cow s K illen  a n d  K e a n e  
(1978) ag a in  a n a ly se d  th e  fa c to rs  w h ich  affect to ta l  m ilk , f a t  a n d  p ro te in  y ie ld s  a n d  
th o se  t h a t  affec t th e  av erag e  fa t a n d  p ro te in  c o n te n t in  m ilk  T h e  fa c to rs  a ffec ting  
m ilk  y ie ld  a n d  its  c o m p o s itio n  have  n o t b e e n  e x a m in e d  since  th e n  a n d  th is  to p ic  
th e re fo re  re q u ire s  re v is itin g , as  th e  I r ish  d a iry  in d u s t ry  h a s  g ro w n  a n d  h a s  ad v a n c e d  
q u ick ly  m  re c e n t tim e s  T h e  fa c to rs  affec tin g  th e  h v ew e ig h t o f a n  a n im a l over a  
la c ta t io n  h av e  n o t b e e n  e x a m in e d  m  I re la n d  to  d a te  a n d  th is  c h a p te r  ad d re sse s  
so m e o f  th e  issues invo lved
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3 2 Milk Yield, Fat Content and Protein Content Data
T h e  d a t a  av a ilab le  for th is  s tu d y  cam e from  co m m erc ia l a n d  e x p e r im e n ta l d a iry  
h e rd s  w h ich  in c lu d e d  b o th  a u tu m n  a n d  sp r in g  ca lv in g  cow s A ll h e rd s  m  th e  s tu d y  
w ere  in c o rp o ra te d  in to  th e  D a iry  M a n a g e m e n t In fo rm a tio n  S y s te m  (D a iry M IS ) o p ­
e ra te d  by  M o o re p a rk  R e sea rch  C e n tre  (C rosse , 1986) D a iry M IS  is a  re c o rd e r-b a se d  
c o m p u te r ise d  sy s te m , co llec tin g  d e ta ile d  d a t a  on  s to c k , fa rm  in p u ts , p ro d u c tio n , a n d  
r e p ro d u c tio n  in fo rm a tio n  on  a  m o n th ly  b as is  T h e  la c ta t io n  n u m b e r  o f each  cow  w as 
o b ta in e d  from  th e  I r is h  D a iry  R e c o rd s  C o o p e ra tiv e  (ID R C ) files a n d  ca lv m g  d a te  
rec o rd s  w ere c a p tu re d  th ro u g h  th e  D a iry M IS  sy s te m  T h e  ca lv in g  d a te  a n d  d ry in g  
d a te  (also  o b ta in e d  from  th e  ID R C  files) w ere u sed  to  v a lid a te  la c ta tio n  n u m b e r  a n d  
te s t-d a y  rec o rd s  for a  g iven  la c ta tio n  T h e  rec o rd in g s  c o n s is te d  o f cow id e n tif ic a tio n  
n u m b e r, la c ta t io n  n u m b e r, b re e d , y ea r, w eek e n d  d a te , w eek n u m b e r, ca lv in g  d ay  
o f y ea r, la c ta t io n  w eek, m ilk  y ie ld  (kg), fa t y ie ld  (kg), p ro te in  y ie ld  (kg ), la c to se  
y ie ld  (kg), f a t  c o n te n t, p ro te in  c o n te n t, la c to se  c o n te n t, h v ew e ig h t (kg ), c o n d itio n  
score , b re e d , g e n o ty p e  a n d  feed sy s te m  N o t all o f th e se  re c o rd in g s  w ere av a ilab le  
for all a n im a ls  b u t  th e re  w as a  su ffic ien t n u m b e r  to  e n a b le  a  d e ta ile d  a n a ly s is  to  b e  
c a r r ie d  o u t
3 2 1 Datasets
T w o  se ts  o f d a t a  w ere m a d e  av a ilab le  for th is  s tu d y , D a ta s e t  1 co n s is te d  of 1,729 
w eekly  re c o rd s  over th e  p e r io d  1995 - 2002 fro m  905 in d iv id u a l cow s on  e x p e r im e n ta l 
h e rd s  a n d  D a ta s e t  2 co m p rised  14,198 re c o rd s1 w ith  m o n th ly  te s t-d a y  y ie ld s  re c o rd e d  
d u r in g  1999 a n d  2000 from  79 co m m erc ia l sp r in g -c a lv in g  d a iry  h e rd s  (See T ab le  
3 1) T h e re  w ere 15,606 rec o rd s  for s p r in g /s u m m e r  ca lv m g  cow s (S S C ) a n d  th e  
re m a in d e r  w ere for a u tu m n /w in te r  ca lv in g  cow s (A W C ), defin ed  as ca lv m g  fro m  
J u ly  to  D ecem b er T h e  a u tu m n /w in te r  ca lv in g  cow s w ere all m  e x p e r im e n ta l h e rd s  
T h e  se aso n a l ca lv m g  p a t te r n  o f th e  an im a ls  in  th is  d a ta s e t  a re  show n  in T ab le  3 2
XA record consists of approximately 44 recordings (test-day values) for Dataset 1, and approxi­
mately eleven recordings for Dataset 2
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Table 3 1 Number of animals per year
Year No of animals
Experimental Herdsa Commercial Herdsb
1995 161
1996 271
1997 232
1998 207
1999 297 7529
2000 344 6669
2001 214
2002 3
a Dataset 1 
k Dataset 2
T a b le  3 2 N u m b e r  of an im a ls  p e r  ca lv m g  m o n th  m  each  d a ta s e t
Calvmg M onth No of Animals
E x p e r im e n ta l H erd s C o m m e rc ia l H erd s a
J a n u a ry 157 1722
F e b ru a ry 755 6012
M a rc h 378 3524
A p ril 124 1719
M ay 25 444
J u n e 2
J u ly 2
A u g u s t 2
S e p te m b e r 168
O c to b e r 57
N o v em b er 35
D ec em b e r 24
a 777 animals in commercial herds for which calving d a ta  was not available
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T h e  d a t a  c o n s is ts  o f  cow s m  la c ta tio n s  o n e  th ro u g h  to  s ix te e n  H ow ever, a ll rec o rd s  
for la c ta tio n  n u m b e r  g re a te r  th a n  tw o w ere g ro u p e d  to g e th e r  (See T ab le  3 3) b e ­
cau se  it  h a s  b e e n  fo u n d  th a t  th e re  is no  s ig n ifican t d iffe rence  b e tw e en  th e  b e h a v io u r  
o f cow s th a t  a re  m  th e ir  th i r d  la c ta tio n  a n d  th o se  m  la te r  la c ta tio n s  (C u n n in g h a m , 
1972, K illen  a n d  K ea n e , 1978, V o lleb reg t a n d  V o lleb reg t, 1998, L id a u e r  e t  a l , 2000, 
D echow  e t  al , 2004) T h e  average y ie ld  p e r  la c ta t io n  w as c a lc u la te d  on ly  for 
D a ta s e t  1 as  show n  in  T a b le  3 4, b e c a u se  th e re  w ere o n ly  p a r t- la c ta t io n  rec o rd s  
av a ilab le  for D a ta s e t  2 A  cow m  its  f irs t la c ta t io n  p ro d u c e s , a  to ta l  of, on  av e r­
age, 5,438 kg  o f m ilk  w hile  cow s m  th i r d  o r h ig h e r  la c ta t io n  p ro d u c e  a p p ro x im a te ly  
6,454 kg  T h e se  w ou ld  b e  re a so n a b le  a p p ro x im a tio n s  for co m m erc ia l h e rd s  also  
T h e  m a jo r ity  o f cow s in  th e  s tu d y  w ere H o ls te in -F rie s ian  w ith  th e  e x c ep tio n  o f 52 
N o rm a n d e  cow s a n d  55 M o n te b e h a rd e s  T h e  av erag e  level for c o n c e n tra te  su p p le ­
m e n ta t io n  w as 500 kg, w ith  a  ra n g e  from  300 kg  to  700 kg  for th e  S SC  cow s, a n d  
a p p ro x im a te ly  1,500 kg  for th e  A W C  cows
T h e se  d a t a  w ere th e n  u se d  to  ex a m in e  th e  fa c to rs  w h ich  affec t to ta l  m ilk  y ie ld , fa t 
c o n te n t, p ro te in  c o n te n t a n d  livew eigh t A s th e  h v ew e ig h t d a t a  w as o ften  co llec ted  
a t  a  d iffe ren t t im e  to  th e  p ro d u c tio n  d a ta ,  hvew eigh t w as ex a m in e d  se p a ra te ly
T ab le  3 3 N u m b e r  of a n im a ls  p e r  la c ta t io n
Lactation Number No of animals 
Experimental Herds Commercial Herds
1 585 3508
2 484 3238
3 + 660 7452
T a b le  3 4 A verage  m ilk  y ie ld  p e r  la c ta tio n  (E x p e r im e n ta l H erd s)
L a c ta tio n  N o Average Yield Standard Deviation
1 5437 77 1024 75
2 6324 58 1276 03
3 + 6453 77 957 66
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3 2 2 Analysis of Milk Yield, Fat Content and Protein Content 
Data
In  th e  firs t in s ta n c e  a n  a n a ly s is  w as c a rr ie d  o u t  on  th e  fa c to rs  a ffec tin g  m ilk  y ie ld  
a n d  its  c o n s ti tu e n ts  T h e  a n a ly s is  of v a ria n c e  (A N O V A ) te c h n iq u e  w as ap p lied  u sin g  
a  g en e ra l lin e a r  m o d e l o f  th e  fo llow ing  fo rm  -
Y  =  fio +  f t X i  +P2X 2 +  +f3nXn +  c (3 2 1)
w h ere  Y  is th e  v ec to r  o f d e p e n d e n t v a ria b le  o b se rv a tio n s , X n ’s a re  in d e p e n d e n t 
v a ria b le s , j3n a re  th e  p a ra m e te rs  to  b e  e s t im a te d  a n d  e is th e  v e c to r  o f e r ro rs  (D ra p e r  
a n d  S m ith , 1981) T h e  va lues of th e  p a ra m e te rs  0o> Pi, fin a re  e s t im a te d  u s in g  th e  
m e th o d  of le a s t sq u a re s  T o  p e rfo rm  A N O V A , th e  a s su m p tio n s  u n d e r ly in g  it  m u s t 
b e  ex a m in e d  n am e ly  1) e q u a lity  o f sa m p le  sizes a n d  2) h o m o g e n e ity  o f v a ria n ce s  
In  th is  c h a p te r  th e  sa m p le  sizes a re  eq u a l, b u t  th e  a s su m p tio n  o f eq u a l v a ria n ce s  is 
v io la te d  W h e n  th e  a s s u m p tio n  o f eq u a l v a ria n ce s  is v io la te d  b u t  th e  sa m p le  sizes 
a re  eq u a l A N O V A  is s ti ll re a so n a b ly  ro b u s t  (L eB lan c , 2004) a n d  so w as p e rfo rm e d  in  
th is  s tu d y  In itia lly  in  th is  s tu d y , Y  r e p re se n ts  th e  to ta l  m ilk  y ie ld  p e r  la c ta tio n , th e  
av erag e  fa t c o n te n t o r th e  av erag e  p ro te in  c o n te n t X n a re  th e  c a te g o ric a l v a riab les , 
th o se  r e p e a t  ‘fa c to rs ’ w hich  m ay  in fluence  th e  d e p e n d e n t v a ria b le , Y, w h ich  a re  
la c ta t io n  n u m b e r, ca lv in g  m o n th  a n d  th e  in te ra c tio n s  b e tw e e n  th e se  fac to rs
F irs tly , a n  A N O V A  w as p e rfo rm e d  on  to ta l  m ilk  y ie ld  (D a ta s e t  1 on ly ) a n d  th e  
fa c to rs  in v e s tig a te d  w ere la c ta tio n  n u m b e r  a n d  ca lv in g  m o n th  I t  is c lea r fro m  th e  
a n a ly s is  of v a ria n ce  ta b le  (T a b le  3 5) t h a t  la c ta t io n  n u m b e r, ca lv in g  m o n th  a n d  th e  
in te ra c t io n  o f th e se  a re  s ig n ifican t m  e x p la in in g  th e  v a r ia tio n  in  to ta l  m ilk  y ie ld  
T h e  T y p e  I I I  SS (su m  o f sq u a re s )  is th e  su m  o f sq u a re s  for a  b a la n c e d  te s t  o f each  
effect, a d ju s te d  for every  o th e r  effect, th u s , it  te s ts  how  well th e  m o d e l as  a  w ho le  
( a d ju s te d  for th e  m e an ) a c c o u n ts  for th e  d e p e n d e n t v a r ia b le ’s b e h a v io u r  I t  is w idely  
acknow ledged  t h a t  la c ta t io n  n u m b e r  h a s  a  s u b s ta n tia l  affec t on  m ilk  y ie ld
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Table 3 5 Analysis of variance of total milk yield
Source df Type I I I  SS F Value Pr > F
L a c ta t io n  N u m b e r 2 58537816 9 15 39 < 001
C a lv m g  M o n th 11 406145543 2 19 41 < 001
L a c ta t io n  N u m b e r  x  C a lv m g  M o n th 16 a 154118290 3 5 06 < 001
a Not all combinations of lactation number x calving m onth were available
R2= 0 241
K illen  a n d  K e a n e  (1978) a c c o u n te d  for th is  by  o b se rv in g  t h a t  an im a ls  m  la te r  la c ta ­
tio n s  h av e  s te e p e r  la c ta tio n  cu rves, w hich  rise  to  a  h ig h e r p e a k  re su lt in g  m  a  h ig h e r 
to ta l  p ro d u c tio n  H ow ever, a f te r  la c ta t io n  n u m b e r  th re e , a  cow  m a tu re s  a n d  h er 
p e r fo rm a n c e  s ta b ilise s  th e re a f te r  (V o lleb reg t a n d  V o lleb reg t, 1998) C a lv m g  m o n th  
h a s  a  v ery  obv io u s affec t on  la c ta t io n  y ie ld  a f te r  a c c o u n tin g  for th e  o th e r  v a ria b le s  
L a te  sp r in g  ca lv ers  a re  ren o w n ed  for h av in g  s h o r te r  la c ta tio n s  b e c a u se  th e y  a re  
ta k e n  in d o o rs  la te  in  th e ir  la c ta t io n  a n d  w ould  re q u ire  ex p e n siv e  su p p le m e n ta ry  
feed to  re m a in  m  p ro d u c tio n  (K illen  a n d  K ea n e , 1978) T h e  in te ra c tio n  effect is 
a lso  s ig n ifican t, th o u g h , th e  F-value is 5 06 w h ich  is q u ite  low L a c ta t io n  n u m b e r, 
ca lv m g  m o n th  a n d  th e ir  in te ra c t io n  effect ac c o u n t for 24 p e r  c e n t (R 2 =  0 241) of 
th e  v a r ia tio n  in  th e  to ta l  m ilk  y ie ld
W h e n  e x a m in in g  th e  average fa t a n d  p ro te in  c o n te n t, D a ta s e t  1 a n d  D a ta s e t  2 
w ere  a m a lg a m a te d , as th e  rec o rd in g s  for th e  co m m erc ia l h e rd s  a re  even ly  sp re a d  
th ro u g h o u t  th e  y ea r  a n  av erag e  fa t a n d  p ro te m  c o n te n t v a lu e  co u ld  b e  c a lc u la te d  
I t  is in te re s tin g  to  see t h a t  o n ly  ca lv m g  m o n th  is s ig n ifican t ( a t  a  five p e r  ce n t 
sign ificance level) in  ex p la in in g  b o th  th e  fa t c o n te n t (see T ab le  3 6) a n d  p ro te m  
c o n te n t (see T ab le  3 7) o f m ilk  T h is  is m  a g re e m e n t w ith  th e  re su lts  o b ta in e d  
b y  W o o d  (1976) a n d  K illen  a n d  K e a n e  (1978), w h ich  fo u n d  th a t  th e  fa t c o n te n t o f 
m ilk  is n o t s ig n ific an tly  affec ted  by  la c ta t io n  n u m b e r  C a lv m g  m o n th  a c c o u n ts  for 
j u s t  1 8 p e r  c e n t (R 2 =  0 018) a n d  2 4 p e r  c e n t (R 2 =  0 024) v a r ia tio n  m  fa t a n d  
p ro te m  c o n te n t, re sp e c tiv e ly  T h e  R 2 v a lu e  w as m u ch  low er for th e  fa t a n d  p ro te m  
c o n te n t th a n  th e  R 2 va lue  a s so c ia te d  w ith  to ta l  m ilk  y ie ld , b u t  th is  m ay  b e  p a r t ly
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Table 3 6 Analysis of variance of fat content
Source df Type III SS F Value Pr > F
L a c ta t io n  N u m b e r 2 0 00005416 1 17 0 3106
C a lv in g  M o n th 11 0 00334857 13 14 <  0001
L a c ta t io n  N u m b e r  x  C a lv in g  M o n th 16 0 00042349 1 14 0 3076
R2—Q 018
T ab le  3 7 A n a ly s is  o f v a ria n c e  o f p ro te in  c o n te n t
Source df Type III SS F Value Pr >  F
L a c ta t io n  N u m b e r 2 0 00003902 2 09 0 124
C a lv m g  M o n th 11 0 00208374 20 26 <  0001
L a c ta t io n  N u m b e r  x  C a lv m g  M o n th 16 0 00023621 1 58 0 655
R? = 0 024
ex p la in e d  by  th e  size o f th e  d a ta s e t  T h e  d a ta s e t  for e s t im a tin g  th e  fac to rs  w h ich  
effect m ilk  y ie ld  c o n s is te d  of 1,729 rec o rd s  (as to ta l  m ilk  y ie ld  w as o n ly  rec o rd e d  for 
e x p e r im e n ta l h e rd )  w h erea s  t h a t  u sed  for e s t im a tin g  th e  fa c to rs  affec tin g  fa t a n d  
p ro te in  c o n te n t c o n s is te d  o f 15,927 rec o rd s
T h e  b re e d  a n d  th e  feed in g  reg im e w ere also  e x a m in e d  as  fa c to rs  w h ich  m ig h t 
affect m ilk  y ie ld  a n d  its  c o n s ti tu e n ts  H ow ever, th e  d a t a  for th is  a n a ly s is  is lim ite d  
to  a  s u b se t of D a ta s e t  1 a n d  specifically  th o se  t h a t  a re  S SC  T h e re  w ere  th re e  d if­
fe re n t b re e d s  in c lu d e d  in  th is  d a ta s e t  n am e ly  H o ls te in -F rie s ian , M o n te b e lia rd e  a n d  
N o rm a n d e  T h e  s u b se t o f rec o rd s  chosen  for th is  a n a ly s is  w ere all a s so c ia te d  w ith  
o n e  specific  e x p e r im e n ta l fa rm  a n d  all a n im a ls  w ere s u b je c t  to  th e  sa m e  feed ing  
reg im e  T h e re  w ere 122 H o ls te in -F rie s ian  cow s, 52 M o n te b e lia rd e  cow s a n d  55 N o r­
m a n d e  cow s m  th is  s u b se t B ree d  is a  n o m in a l v a ria b le  a n d  th u s  th e  a p p ro a c h  to  
a n a ly s in g  its  effect m u s t b e  d iffe ren t to  th a t  u sed  for fa c to rs  su ch  as ca lv in g  m o n th  
a n d  la c ta t io n  n u m b e r  T h e  a n a ly s is  in itia lly  fo cu sed  on  ex a m in in g  th e  effects o f 
la c ta tio n  n u m b e r, ca lv in g  m o n th  a n d  th e  in te ra c t io n  b e tw e e n  th e se  fa c to rs  on  th e
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s u b se t o f  th e  d a t a  m  w h ich  b ree d  w as specified , so  th a t  th e  R 2 v a lues (fo r in c lu d in g  
a n d  e x c lu d in g  b re e d )  co u ld  b e  c o m p a re d  T h e  R 2 v a lues a re  m u ch  h ig h e r, in  genera l, 
in  th is  se c tio n  as  th e  d a ta s e t  is m u ch  sm a lle r  w ith  o n ly  548 re c o rd s  F ro m  T ab le  3 8 
it  c a n  b e  seen  th a t  la c ta tio n  n u m b e r, ca lv m g  m o n th  a n d  b re e d  a re  s ig n ifican t in 
e x p la in in g  to ta l  m ilk  y ie ld  F ro m  th e  d iffe rence m  R 2 v alues, b e tw e en  in c lu d in g  a n d  
e x c lu d in g  b re e d , it  show s th a t  b re e d  a c co u n ts  for 21 p e r  c e n t o f th e  to ta l  v a r ia tio n  
m  m ilk  y ie ld  S im ilarly , b re e d  a c c o u n ts  for e ig h t p e r  c e n t of th e  v a r ia tio n  m  th e  
fa t c o n te n t of m ilk  a n d  23 p e r  c e n t of th e  v a r ia tio n  in  th e  p ro te in  c o n te n t o f m ilk  
p ro d u c e d
T h e re  w ere th re e  d iffe ren t feed ing  reg im es c a r r ie d  o u t  on  214, 168 a n d  126 lac­
ta t io n s  o f th e  sam e b re e d  on  a  p a r t ic u la r  fa rm  b e lo n g in g  to  M o o re p a rk  R e sea rch  
C e n tre  T h e  feed in g  sy s te m s  a re  o u tlin e d  m  T ab le  3 9 a n d  it  c a n  b e  seen  th a t  th e se  
feed in g  sy s te m s  h e ld  th e  n itro g e n  fe r tilisa tio n  r a te  c o n s ta n t  w h ile  th e  s to c k in g  r a te  
a n d  c o n c e n tra te  in p u t  v a ried  G iven  th e  n a tu re  o f th e se  feed in g  reg im es, feed w as 
e x a m in e d , m  a  s im ila r  m a n n e r  to  b re e d , as a  fa c to r  w h ich  affec ts  m ilk  y ie ld  a n d  
its  c o n s ti tu e n ts  T ab le  3 10 show s th a t  feed is a lso  s ig n ific an t in  ex p la in in g  to ta l  
m ilk  y ie ld  A g a in  by  ex a m in in g  th e  d iffe rence m  R 2 v a lues, w h en  feed is in c lu d e d  
o r ex c lu d e d , i t  show s th a t  feed  a c c o u n ts  for te n  p e r  c e n t o f th e  to ta l  v a r ia tio n  in  
m ilk  y ie ld  S im ilarly , feed a c c o u n ts  for a p p ro x im a te ly  fo u r  p e r  c e n t o f  th e  v a r ia tio n  
m  th e  fa t c o n te n t of m ilk  a n d  a p p ro x im a te ly  five p e r  c e n t o f th e  v a r ia tio n  in  th e  
p ro te m  c o n te n t o f m ilk
T h e  e s tim a te s  o f th e  p a ra m e te rs  w ere th e n  fo u n d , for each  c a te g o ric a l v a ria b le  
w h ich  w as d ee m e d  s ig n ifican t, u s in g  th e  fo llow ing m o d e l -
Y  = fio +  Pi%i +  +  (3 2 2)
w h ere  Y  is e i th e r  th e  to ta l  m ilk  y ie ld  o r th e  av e rag e  o f o n e  o f its  c o n s titu e n ts ,
®2> ^ 3) e tc  a re  th e  c a te g o ric a l v a ria b le s  re p re se n tin g  th e  fac to rs  b e in g  assessed
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T a b le  3 8 C o m p a r iso n  o f  a n a ly s is  o f  v a r ia n c e  o f  m ilk  y ie ld  e x c lu d in g  a n d  in c lu d in g  b re e d
S o u r c e df
E x c lu d in g  B re e d  
T y p e  III S S  F  V a l u e P r  >  F df
In c lu d in g  B ree d  
T y p e  III S S  F  V a lu e P r  >  F
L a c ta t io n  N u m b e r 2 23587521 58 15 30 <  001 2 34655792 34 29 30 <001
C a lv m g  M o n th 5 35445517  43 9 20 <  001 5 33885138 09 11 46 <  001
B re e d 2 29151938 67 24 65 <  001
L a c ta t io n  N u m b e r  x  C a lv m g  M o n th 9 6718580 42 0 97 0 4653 8 5322894 86 1 13 0 3444
L a c ta t io n  N u m b e r  x  B ree d 4 2033956 67 0 86 0 4879
C a lv m g  M o n th  x  B ree d 8 2531030 57 0 54 0 8303
L a c ta t io n  N u m b e r  x  C a lv m g  M o n th  x  B ree d 13 8787072 38 1 14 0 3198
R 2 = 0 25 R 2= 0 46
Table 3 9 Feeding systems
F e e d i n g
S y s t e m
N o  o f  A n i m a l s S t o c k i n g  R a t e N i t r o g e n  F e r t i l i z a ­
t i o n  R a t e
C o n c e n t r a t e  I n p u t
1 221 H ig h  (3 0 cow s ha - 1 ) H ig h  (380 kg  N  h a - 1) 500 kg  p e r  cow  over to ­
ta l  la c ta t io n
2 168 H ig h  (3 0 cow s /¿ a - 1 ) H ig h  (380  k g  N  ha~l ) 1000 k g  p e r  cow  over to ­
ta l  la c ta t io n
3 126 G ra z e d  to  a  h ig h e r  p o s t-g ra z in g  
sw a rd  h e ig h t re d u c in g  o c c u p a n c y  
t im e  p e r  p a d d o c k
H ig h  (380  kg  N  ha~x) 500 k g  p e r  cow  over to ­
ta l  la c ta t io n
T ab le  3 10 C o m p a r iso n  o f a n a ly s is  o f  v a r ia n c e  o f  m ilk  y ie ld  e x c lu d in g  a n d  in c lu d in g  feed
S o u r c e d f
E x c lu d in g  feed 
T y p e  I I I  S S  F  V a l u e P r  >  F d f
In c lu d in g  feed  
T y p e  I I I  S S  F  V a l u e P r  >  F
L a c ta t io n  N u m b e r 2 54956390 06 25 15 <  001 2 57277158 48 29 33 <  001
C a lv m g  M o n th 4 43052174 74 9 85 <  001 4 38603055 62 9 88 <  001
F eed 2 24525312 88 12 56 <  001
L a c ta t io n  N u m b e r  x  C a lv m g  M o n th 7 22297277 84 2 92 0 0054 7 24522832 85 3 59 0 0009
L a c ta t io n  N u m b e r  x  F eed 4 5195478 94 1 33 0 2576
C a lv m g  M o n th  x F eed 7 5839439 65 0 85 0 5427
L a c ta t io n  N u m b e r  x  C a lv m g  M o n th  x  F eed 11 11478808 22 1 07 0 3848
r 2= o  33 R 2= o 43
a n d  th e  in te ra c tio n s  b e tw e en  th e se  fac to rs  T ab le  3 5 show s th a t  b o th  la c ta tio n  
n u m b e r  a n d  ca lv in g  m o n th  w ere s ig n ifican t fa c to rs  m  e x p la in in g  v a r ia tio n  m  m ilk  
p ro d u c tio n  U sin g  reg ress io n  an a ly s is , it  w as fo u n d  th a t  la c ta tio n  n u m b e r  h ad  a  
p o s itiv e  effect o n  to ta l  m ilk  y ie ld , from  la c ta t io n s  o n e  to  th re e  th e  to ta l  m ilk  y ie ld  
in c reases  by  a p p ro x im a te ly  468 kg  p e r  la c ta t io n  (a ssu m in g  th e  re la tio n sh ip  is lin ear) 
C a lv in g  m o n th  d o es n o t a p p e a r  to  have  a  lin e a r  effect on  y ie ld  a n d  th e re fo re  it  w ill 
b e  e x a m in e d  in  d e ta il  e lsew h ere  in  th is  s tu d y  (C h a p te r  5) A s b re e d  a n d  feed a re  
n o m in a l c a te g o ric a l v a ria b le s , a n d  as  such  th e y  do  n o t have  a  n a tu ra l  o rd e rin g , th e y  
c a n n o t b e  u sed  in  a  lin e a r  e q u a tio n  (A g res ti, 1990) T h e re fo re , m ilk  y ie ld  ca n  b e  
a p p ro x im a te d  by  th e  fo llow ing e q u a tio n  -
T o ta l M ilk  Y ie ld  = 5 1 0 8  5 5 + 4 6 8  1 7 ( la c ta t io n  n u m b e r)
(3 2 3)
(60 62) (12 22)
R 2 = 0 0974
w h ere  th e  va lues m  b ra c k e ts  a re  t — statistic  v alues
A s m ilk  p ro ce sso rs  p ay  p ro d u c e rs  on  th e  b as is  o f m ilk  c o m p o s itio n  a n d  n o t 
so le ly  on  m ilk  q u a n tity , th e  c o m p o s itio n  o f m ilk  is w h a t n eed s to  b e  o p tim ise d  for 
fa rm e rs  to  receive th e ir  m a x im u m  p ro fits  A  p ro d u c e r  is a lso  in te re s te d  in  p re d ic tin g  
th e  livew eigh t o f a n  a n im a l as a c c u ra te  e s tim a te s  o f hvew eigh t a re  benefic ia l w h en  
m a k in g  m a n a g e m e n t a n d  n u tr i t io n a l  dec is ions
3 3 General Analysis of Liveweight Data
T h e  h v ew e ig h t d a t a  av a ilab le  co m p rised  rec o rd s  fro m  b o th  e x p e r im e n ta l a n d  co m ­
m erc ia l h e rd s  T h e  d a ta s e t  c o n s is te d  o f 6,455 re c o rd s  (each  w ith  a p p ro x im a te ly  
e leven  rec o rd in g s )  ta k e n  a t  m o n th ly  in te rv a ls  from  66 c o m m erc ia l h e rd s , 334 rec o rd s  
(each  w ith  a p p ro x im a te ly  44 rec o rd in g s )  ta k e n  a t  w eekly  in te rv a ls  from  six  e x p e r i­
m e n ta l s p r in g  ca lv m g  h e rd s  a n d  94 rec o rd s  (each  w ith  a p p ro x im a te ly  44 reco rd in g s)
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from  tw o  e x p e r im e n ta l a u tu m n  ca lv m g  h e rd s  over th e  p e r io d  1995-2001 T h e  sea­
so n a l p a t te r n  o f  ca lv m g s o f a n im a ls  in  th is  se t o f d a t a  is show n  in  T a b le  3 11 a n d  
i t  sh o u ld  b e  n o te d  th a t  th e re  a re  no  rec o rd s  av a ilab le  for cow s ca lv m g  in  Ju n e , 
J u ly  o r  A u g u s t T h e se  d a t a  in c lu d e d  y ea r o f p ro d u c tio n , la c ta tio n  n u m b e r, ca lv m g  
m o n th , la c ta tio n  w eek a n d  livew eigh t In  th e  sa m e  w ay as in  th e  e x a m in a tio n  o f th e  
m ilk  y ie ld  d a ta ,  la c ta t io n  n u m b e r  w as ca te g o rised  in to  la c ta tio n  1, la c ta tio n  2 a n d  
la c ta t io n  3 o r g re a te r  a n d  T ab le  3 12 show s th a t  each  la c ta tio n  g ro u p  w as well re p ­
re se n te d  L ivew eigh t w as rec o rd e d  by  a n  a u to m a t ic  w eigh ing  sy s te m  (D a iry M a s te r )  
on  th e  e x p e r im e n ta l fa rm s, th is  sy s te m  c o n s is te d  o f a  sca le  w ith  lo ad  cells a n d  th u s  
th e re  w as no  v isu a l re c o rd in g  o f th e  w eigh t O n  th e  co m m erc ia l fa rm s all cow s in  th e  
h e rd  w ere rec o rd e d  e lec tro n ica lly , u s in g  a  p o r ta b le  w eig h in g  scales a n d  W inw eigh  
so ftw are  T h e  scales w ere  c a lib ra te d  w eekly  a g a in s t p e rm a n e n t  scales in  M o o re p a rk  
R e sea rch  C e n tre  a n d  w ere c a lib ra te d  ag a in  w ith  k n o w n  w eig h ts  on  a rr iv a l a t  each  
fa rm  In  all cases, rec o rd in g s  w ere ta k e n  a f te r  m ilk in g  so  as  to  m in im ise  v a r ia tio n s  
d u e  to  v a ry in g  w eig h ts  o f g u t fill
T ab le  3 11 N u m b e r  o f an im a ls  p e r  ca lv m g  m o n th  in  th e  livew eigh t d a ta s e t
C a l v i n g  M o n t h N o  o f  A n i m a l s
J a n u a r y 991
F e b ru a ry 4435
M a rc h 1181
A p ril 152
M ay 24
J u n e -
Ju ly -
A u g u s t -
S e p te m b e r 46
O c to b e r 37
N o v em b er 11
D ecem b er 6
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Table 3 12 Number of animals per lactation m the hveweight dataset
Lactation Number No of Animals
1 2206
2 1980
3 + 2697
3 3 1 Analysis of Liveweight Data
T h e  h v ew e ig h t d a t a  w ere a n a ly se d  m  a  s im ila r  w ay  to  th e  m ilk  y ie ld  a n d  m ilk  
c o n s t i tu e n t  d a t a  in  S ec tio n  3 2 2, th e  A N O V A  te c h n iq u e  b e in g  ag a in  u sed  to  e x a m in e  
th e  fa c to rs  w h ich  m ig h t affec t th e  hvew eigh t o f cow s T h e  T y p e  I I I  su m s  o f sq u a re s  
w ere ex a m in e d  for th e  effect on  hvew eigh t o f la c ta t io n  n u m b e r, ca lv in g  m o n th  a n d  
th e  in te ra c t io n  o f th e se  fac to rs  I t  is c lea r from  T a b le  3 13 th a t  all th re e  o f th e se  
effects w ere s ig n ific an t a n d  a c c o u n te d  for a p p ro x im a te ly  40 p e r  c e n t o f th e  v a r ia tio n  
in  th e  av e rag e  hvew eigh t o f th e  an im a ls
T h e  coeffic ien ts o f th e  v a ria b le s  w ere th e n  fo u n d  th ro u g h  g en e ra l lin e a r  m o d ­
elling  I t  w as fo u n d  th a t  ca lv in g  m o n th  is n o t h ig h ly  s ig n ifican t in  ex p la in in g  th e  
av erag e  hvew eigh t w ith  a  t — statistic  v a lu e  (in  b ra c k e ts )  o f 1 81 as  follows
A v erag e  L ivew eigh t = 4 4 3  0 2 2 + 4 7  4 1 0 ( la c ta t io n  n u m b e r )+ 0  8 5 (ca lv in g  m o n th )
(257 17) (74 29) (1 81)
(3 3 1 )
R 2- 0 393
T ab le  3 13 A n a ly s is  o f v a ria n c e  o f hv ew eig h t
Source df Type III SS F Value Pr > F
L a c ta t io n  N u m b e r 2 189510 14 38 52 <001
C a lv in g  M o n th 8 138684 96 7 05 <  001
L a c ta t io n  N u m b e r  x  C a lv m g  M o n th 14 82044 86 2 38 0 0026
R2= 0 401
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T h u s , as la c ta t io n  n u m b e r  in c reases  from  o n e  to  th re e  th e  livew eigh t o f a  cow  in ­
creases  by  a p p ro x im a te ly  47 kg  a n d  cow s th a t  a re  in  la c ta t io n s  g re a te r  th a n  th re e  
w ill have  a  re la tiv e ly  c o n s ta n t  av erag e  livew eigh t from  la c ta t io n  to  la c ta t io n
3 4 Summary
T h is  c h a p te r  a im ed  a t  a n a ly s in g  th e  fac to rs  affec tin g  th e  m ilk  y ie ld , th e  m ilk  con ­
s t i tu e n ts  a n d  th e  livew eight o f I r ish  d a iry  cow s in  o rd e r  to  id e n tify  w hich  c a te g o ric a l 
v a ria b le s  w ere  s ig n ific an t In  g en e ra l, i t  w as fo u n d  t h a t  ca lv in g  m o n th , la c ta tio n  
n u m b e r, b re e d  a n d  feed a re  s ig n ifican t fac to rs  w h ich  in flu en ce  to ta l  m ilk  y ie ld  w hile  
th e  fa t a n d  p ro te in  c o n te n ts  o f m ilk  a re  affec ted  by  ca lv in g  m o n th , b ree d  a n d  feed 
T h u s , th e  re su lts  o f f i t t in g  th e  g en e ra l lin e a r  m o d e l con firm  th e  w e ll-d o c u m en ted  
effects o f c e r ta in  c a te g o ric a l v a ria b le s  in  ex p la in in g  v a r ia tio n  m  m ilk  y ie ld , fa t co n ­
te n t ,  p ro te in  c o n te n t a n d  livew eigh t F a c to rs  w h ich  n eed  to  b e  ta k e n  in to  a c c o u n t 
ca n  th e re fo re  b e  id e n tif ied  w h en  m a k in g  p re d ic tio n s  o f m ilk  y ie ld , its  c o n s ti tu e n ts  
a n d  livew eigh t
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C h a p t e r  4
D e t e c t i n g  A b n o r m a l  D a t a
4 1 Milk Recording in Ireland
A t p re se n t m  Ire la n d  391,975 cow s o u t o f a  to ta l  d a iry  p o p u la tio n  o f 1 173 m illion  
cow s a re  m ilk  rec o rd e d  (IC B F , 2003) T h is  re p re se n ts  33 4 p e r  c e n t o f cow s b u t  o n ly  
20 6 p e r  c e n t of d a iry  h e rd s  C u rre n tly , a ll m ilk  re c o rd in g  in  I re la n d  is c o n d u c te d  
m a n u a lly  by  seven  m ilk -rec o rd in g  o rg a n isa tio n s  I t  is c o m m o n  p ra c tic e  for sick cows 
n o t to  b e  rec o rd e d  b u t  th e ir  t e s t  values a re  e i th e r  p re d ic te d  by  th e  fa rm er o r  by  th e  
“re c o rd e r” b a se d  on  p rev io u s  te s t  values, o r else th e ir  t e s t  d ay  va lues a re  d ec la re d  
“m iss in g ” In  2004, th e  I r ish  C a t t le  B ree d e rs  F e d e ra tio n  ( IC B F ) to g e th e r  w ith  
D a iry g o ld  C o -o p e ra tiv e  c o n d u c te d  a  p ilo t sch em e w h ich  involved  th e  in tro d u c tio n  
of an  e lec tro n ic  d o - it-y o u rse lf  (D IY ) m ilk  re c o rd in g  sy s te m  (IC B F , 2004) S om e 
140 h e rd s  p a r t ic ip a te d  in  th is  p ilo t s tu d y  a n d  th e  re su lts  show ed  th a t  th e re  w ere 
low er o v e rh e ad  co s ts  involved , less s te p s  fro m  co llec tin g  d a t a  to  d a ta b a s e  a n d  th e  
sy s te m  is ea sie r to  m a n a g e  th a n  m  m a n u a l m ilk  re c o rd in g  schem es ( IC B F , 2004) 
A s a  re s u lt  th e  in tro d u c tio n  o f th is  sy s te m  m a y  e n c o u rag e  r e c ru itm e n t o f fa rm ers  
to  m ilk  re c o rd in g  schem es T h e  in te n tio n  is to  e x te n d  th is  sy s te m  o f m ilk  rec o rd in g  
n a tio n w id e  in  th e  n e a r  fu tu re  T h e  d a t a  h a n d le r  w as c re a te d  by  th e  N ew  Z ea lan d  
co m p an y , T ru -T e s t ( IC B F , 2004), a n d  it  lin k s th e  m e te r /m i lk  ja r  re a d in g s  w ith  th e  
cow ’s e a r - ta g  n u m b e r  a n d  its  b a r  code , th u s  th e re  is no  m a n u a l sa m p le  ta k in g  a n d
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sick cow s a re  rec o rd e d  like th e  o th e r  cow s H ow ever, th e  fac t t h a t  a  cow is sick 
re p re se n ts  o n ly  one rea so n  for a n  a b n o rm a l rec o rd in g
A b n o rm a l re c o rd in g s  a re  defin ed  as rec o rd in g s  t h a t  d e v ia te  s ig n ifican tly  from  
th e  cow ’s o th e r  rec o rd in g s  A b n o rm a lly  low o r h ig h  re c o rd in g s  co u ld  b e  a  re su lt  
o f in ju ry  o r  re c o rd in g  e rro rs , su ch  as  m e te r  m a lfu n c tio n s  o r  im p ro p e r  sa m p lin g , 
as  well as  fro m  d a t a  e n try  e rro rs  o r  in c o rre c t id e n tif ic a tio n  (G u th r ie , 1994, S la te r  
a n d  W e b s te r, 2001b ,a) C u rre n tly , th e re  is no  sc ien tific  m e th o d  in  p lace  to  d e te c t  
a b n o rm a l rec o rd in g s  in  I r ish  m ilk -rec o rd e d  d a ta ,  o th e r  th a n  m a n u a l o b se rv a tio n s  by  
th e  d a iry  fa rm e r  o r  th e  m ilk  “re c o rd e r” ( IC B F , 2005) T h u s , a n  a p p ro p r ia te  sc ien tific  
m e th o d  for d e te c tin g  a b n o rm a l rec o rd in g s  is re q u ire d , p a r t ic u la r ly  if e lec tro n ic  m ilk  
re c o rd in g  dev ices a re  to  b e  in tro d u c e d  in  th e  fu tu re
T h e  In te rn a t io n a l C o m m itte e  for A n im a l R e c o rd in g  s ta te d  m  th e ir  rev ised  
re c o rd in g  g u id e lin es  (IC A R , 2002) t h a t  t r u e  d a ily  te s t  va lues  co llec ted  from  a n i­
m a ls  la b e lled  by  th e  fa rm e r  as  sick, in ju re d , u n d e r  t r e a tm e n t  o r in  h e a t m u s t b e  
u sed  in  th e  c o m p u ta t io n  o f th e  la c ta tio n  rec o rd  u n le ss  th e  te s t  v a lu e  is less th a n  
50 p e r  c e n t o f th e  p re v io u s  te s t  va lue  o r less th a n  60 p e r  c e n t o f th e  p re d ic te d  te s t  
value , if such  is th e  case , th e se  te s t  va lues m ay  b e  c o n s id e red  as  m issin g  W ig g an s  
e t a l (2003) p ro p o se d  a  m e th o d  for d e te c tin g  a n d  a d ju s tin g  a b n o rm a l te s t  d ay  y ie ld s 
a t  th e  A n im a l Im p ro v e m e n t P ro g ra m s  L a b o ra to ry  in  M a ry la n d , U SA  T h is  c h a p te r  
w ill ex a m in e  th e  m e th o d  o f W ig g an s  e t  al (2003) in  th e  I r ish  c o n te x t, i t  w ill in ­
v e s tig a te , for th e  firs t tim e , w h e th e r  th is  m e th o d  is effective in  d e te c tin g  a b n o rm a l 
re c o rd in g s  o f fa t a n d  p ro te in  c o n te n t a n d  i t  w ill ex a m in e  w h e th e r  th e re  a re  m o re  
a b n o rm a l rec o rd in g s  in  co m m erc ia l d a t a  th a n  in  e x p e r im e n ta l d a t a
4 2 Model Development
T h e  d a t a  u sed  m  th is  c h a p te r  c o n s is te d  o f a  to ta l  o f 15,927 la c ta tio n s  from  tw o  se ts  
o f d a t a  D a ta s e t  1 c o m p rised  1,888 la c ta t io n s  o f w eekly  te s t  d ay  y ie lds, from  six  
e x p e r im e n ta l h e rd s  a t ta c h e d  to  T eag asc  D a ta s e t  2 co m p rised  14,198 la c ta tio n s  of
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m o n th ly  te s t  d ay  re c o rd in g s  from  79 co m m erc ia l sp r in g -c a lv in g  d a iry  h e rd s  R e co rd s  
w ith  few er th a n  five rec o rd in g s  w ere d e le te d  from  D a ta s e t  2 a n d  la c ta tio n s  o f less 
th a n  25 w eeks d u r a t io n  w ere  rem o v ed  from  D a ta s e t  1 A fte r  e d itin g , D a ta s e ts  1 a n d  
2 c o n s is te d  o f  1,727 a n d  13,229 la c ta tio n s  re sp e c tiv e ly  a n d  th e y  w ere a m a lg a m a te d  
for th e  an a ly s is
4 2 1 Definition of Upper and Lower Limits
T h e  c u t-o ff  p o in ts  w h ich  d e te rm in e  w h e th e r  o r n o t a  re c o rd in g  is d e sc r ib e d  as a b ­
n o rm a l n eed  to  b e  e s ta b lish e d  b efo re  th e  a b n o rm a l rec o rd in g s  a re  d e te c te d  A  low er 
lim it o f 60 p e r  c e n t o f th e  p re d ic te d  te s t  d ay  v a lu e  w as chosen , c o m p ly in g  w ith  th e  
g u id e lin es  o f th e  In te rn a t io n a l  C o m m itte e  for A n im a l R e c o rd in g  (IC A R , 2002) A n 
u p p e r  lim it o f 150 p e r  c e n t o f th e  e x p e c te d  va lue  w as chosen  to  c a p tu re  th e  m o s t 
e x tre m e  va lues A s cow s a re  m o re  likely to  p ro d u c e  a n  a b n o rm a lly  low y ie ld  r a th e r  
th a n  an  e x c e p tio n a lly  h ig h  y ie ld  (W ig g an s  e t  a l , 2003) th e  lim its  a re  d es ig n ed  to  
ta k e  th is  in to  a c c o u n t
4 2 2 Estimation of Slope Parameters
B efore  d e te c tin g  th e  a b n o rm a l rec o rd in g s , th e  p a ra m e te rs  for e s t im a tin g  th e  s lo p e  
o f th e  la c ta tio n  cu rv es n eed ed  to  b e  c a lc u la te d  T h e se  w ere c a lc u la te d  s e p a ra te ly  for 
m ilk  y ie ld , fa t c o n te n t a n d  p ro te in  c o n te n t S econd  a n d  su b se q u e n t te s t  d ay  s lo p e  
va lues w ere c a lc u la te d  from  th e  p re c e d in g  te s t  d a y  u s in g  th e  fo llow ing ex p re ss io n
(Pi — P i - i ) / ( ^ A  — 7 \D * - i)  =  &o +  b\TD t- \  -I- b2T D 2_ l +  b^pt- i  -t- b ^ T D ^ i p ^ i  +  e
(4 2 1)
w h ere  px =  m ilk  y ie ld , f a t c o n te n t o r  p ro te in  c o n te n t on  te s t  d ay  % (TD t) W ig g an s  
e t  al (2003) c a lc u la te d  th e  p a ra m e te rs  by  la c ta t io n  s ta g e  (<  50 D I M  (D ays in  
M ilk) a n d  >  50 D IM )  a n d  la c ta t io n  n u m b e r, how ever, m  th is  s tu d y  th e  p a ra m e te rs  
w ere c a lc u la te d  by  la c ta tio n  w eek ( la c ta t io n  w eek w as chosen  to  re p la c e  la c ta t io n
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stage so that the estimation of the slope parameters would be more accurate), lac­
tation number and calving month (calving month was included as it was deemed 
appropriate by Cunningham (1972) and also on the basis of the findings in Chapter 
3) The slope between the first and second test day was calculated by using the 
subsequent test day value instead of the preceding test day in the following way
(Pi — P 2) / {TDi  — T D 2) =  60 ■+■ biTD 2 +  &2TZ)! “t- 3^P2 “I- b^TD2p2 e (4 2 2)
where p x =  milk yield, fat content or protein content on test day % { T D X)
4 2 3 Method for Detection of Abnormal Values
The predicted test day (apart from the first test day) value was calculated, using 
the slope parameters, as follows
px =  p,-i +  b{TDt -  T A - i )  (4 2 3)
where px ~  predicted milk yield, fat content or protein content on test day 1, p x- \  =
observed normal milk yield, fat content or protein content on the preceding normal 
test day {T D X- 1) and 6 =  60 +  &1T A -1  +  b2T D 2_ 1 +  fe3Pi-i +  using
60 > 64 as estimated above If there was no preceding normal recording, T D X was
tested against the herd mean value, adjusted for days in milk (D IM ) ,  calculated 
using least square means The first T D  value was tested against the second T D  
value, if the second was declared normal as follows
Pi = P 2 +  6(T£>2 - r D 1) (4 2 4)
where pi  =  predicted milk yield, fat content or protein content on the first test day,
P2 — observed normal milk yield, fat content or protein content on the second test 
day and b =  bo +  b i T D 2 +  b2T D \  +  b$p2 +  b^(TD2)(p2) using bo, 64 as estimated
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m section 4 2 2 If the second test day value was declared abnormal then the first 
recording was tested against the herd mean value adjusted for D I M  (Wiggans et al ,
2003)
The simplicity of this method is demonstrated as follows, if, for example, there 
were seven recordings for a certain cow, r i , r 2, rz , r$ ,r s ,r§  and 7*7, as follows
r 2 rs r\ r 7
each of the recordings, r 2 through to r?, are compared to the preceding recording 
which has been declared normal If there is no preceding normal recording the 
recording being tested is compared to the herd mean value adjusted for D I M  
However, as the first recording, n, has no preceding normal recording, it is compared 
to the second recording if ^ 2 is normal If 7*2 is abnormal then r\ is also compared 
to the herd mean value adjusted for D I M
4 3 Implementation of Model
While implementing this method for detecting abnormal recordings, a problem was 
encountered when the time lapse between the last normal recording and the one 
that was being tested was greater than one month, this problem had not been 
addressed by Wiggans et al (2003) When this was the case, the values outputted 
for the predicted milk yield, fat content or protein content were incorrect (they were 
increasing exponentially with time) if the method of Wiggans et al (2003) was used 
without adjustment To eliminate this problem, it was decided that if a time gap 
between recordings of greater than one month was encountered, then the recording 
being examined was compared with the herd mean value adjusted for D I M
4 4 Performance of Method
Using this method, three per cent of milk yield recordings were detected as being 
abnormal, for fat and protein content, the corresponding level of abnormal record-
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mgs was five per cent and one per cent, respectively Table 4 1 shows the percentage 
of abnormal recordings per lactation category for milk yield, fat content and protein 
content It shows that there is a relatively constant percentage of abnormal record­
ings in each lactation number category The distribution of abnormal recordings 
for milk yield, fat content and protein content are given in Figures 4 1,42 and 4 3, 
respectively The percentage of the total number of abnormal recordings was found 
to be highest during early lactation for milk yield (Figure 4 1) and protein content 
(Figure 4 3) and during late lactation for fat content (Figure 4 2)
As would be expected, there were more milk yield and fat content recordings 
declared abnormal than protein content recordings as the protein content of milk is 
generally homogeneous (Klopcic et a l, 2003) The highest percentage of abnormal 
recordings occurred in the first week of lactation for milk yield (See Figure 4 1) This 
is most likely because of the influence of nutritional regimes, the interval from calving 
to first test and lactation (familiarity with parlour, stress of the new environment 
for first time calvers, etc ) However, it may also be due to the inability of the cow, 
immediately post calving, to consume sufficient energy to sustain lactation (Mackle 
et a l, 1999, Buckley et a l, 2003, Butler et a l, 2003, McGuire et a l, 2004) There 
was found to be a constant percentage of abnormal milk yield recordings from week 
four to week 28 (approximately 1 3 per cent of recordings being abnormal), with 52 
per cent of those abnormal recordings being under the lower limit value This is 
possibly due to cows being sick or lame For those abnormal recordings that are over
Table 4 1 Percentage of abnormal recordings per lactation for milk yield, fat content 
and protein content
Percentage of Abnormal Recordings 
per lactation category 
1 2 3+
Milk Yield 3 26 2 59 3 91
Fat Content 4 16 4 46 6 33
Protein Content 0 33 0 19 0 26
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Figure 4 1 Percentage of total abnormal milk yield recordings per lactation week
La dation Week
Figure 4 2 Percentage of total abnormal fat content recordings per lactation week
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Lactation Week
Figure 4 3 Percentage of total abnormal protein content recordings per lactation 
week
the upper limit value, the upper limit may in fact be eliminating some high yielding 
cows From lactation week 29 until end of lactation there is a slight increase in the 
number of abnormal recordings of which 57 per cent of the abnormal recordings are 
abnormally low Yields are most variable around this stage of lactation (Wiggans 
et al , 2003) again most likely due to nutritional regimes and management practices 
In Figure 4 2, there is a constant slight increase (noting the scale of the graph) 
in the number of abnormal recordings until late in lactation, similar to the findings 
of Wiggans et al (2003) However, there is a severe peak in the number of abnormal 
recordings after lactation week 30, 97 per cent of these abnormal recordings are 
abnormally low This is probably influenced by factors such as the milk recorders 
not being sensitive enough to detect the rapid rise in fat content at this time in 
lactation or the milk not being agitated properly in the milk jars The drop in the 
percentage of abnormal recordings after week 36 is possibly due to there bemg fewer 
recordings m these weeks i e due to short lactations
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The slight initial peak in Figure 4 3 is related to the composition of milk at 
this time Cows tend to have high milk protein in early lactation (Wood, 1976, 
Killen and Keane, 1978, Wilmmk, 1987) and as a result a high number of abnormal 
recordings of which 69 per cent of the abnormal recordings in the first six weeks of 
lactation were declared abnormally high However, in total only 0 3 per cent of the 
protein recordings were declared abnormal
The number of abnormal recordings in the commercial herds and experimental 
herds were compared It was found that three per cent of the total experimen­
tal recordings and four per cent of the total commercial recordings were abnormal 
Similarly for fat content, one per cent of the experimental recordings and eight per 
cent of the commercial recordings were declared abnormal, while for protein content 
less than one per cent of the experimental and commercial recordings were declared 
abnormal It is interesting to note that there are significantly fewer abnormal record­
ings in the experimental herds than in the commercial herds This is possibly due 
to the fact that the experimental herds are predominately electronically recorded by 
a system that is approved by ICAR  whereas the commercial herds are all manually 
recorded It will be even more interesting to investigate, in time, if the electronic 
D IY  device will eliminate some of these abnormal recordings or if the number of 
abnormal recordings will actually increase
4 5 Chapter Conclusions
It is clear from the foregoing analysis that the method of Wiggans et al (2003) for 
detecting abnormal records is effective in the Irish context Some minor adjustments 
in relation to missing values particularly in commercial data that are recorded every 
four weeks were deemed necessary It was the first time that this method was used 
with fat and protein content data and again it proved satisfactory, with five per cent 
of fat content recordings and less than one per cent of protein content recordings 
being declared abnormal Considerably more abnormal recordings were found in
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th e  co m m erc ia l d a t a  th a n  m  th e  e x p e r im e n ta l d a t a  b u t  it  w ill b e  in te re s tin g  to  
in v e s tig a te  th e  im p a c t, if any, th e  new  e lec tro n ic  D IY  re c o rd in g  d ev ice  w ill have  on 
th e se  fin d in g s In  co n c lu sio n , as  th e re  is no  sc ien tific  m e th o d  for d e te c tin g  a b n o rm a l 
re c o rd in g s  c u r re n tly  m  p lace  in  I re la n d , it is d e s ira b le  t h a t  a  m e th o d  for d e te c tin g  
a b n o rm a l rec o rd in g s  is e s ta b lish e d , esp ec ia lly  as  e lec tro n ic  dev ices a re  rep la c in g  
m a n u a l re c o rd e rs  T h e  m e th o d  o u tlin e d  m  th is  c h a p te r  h a s  b ee n  show n  to  b e  v ery  
effective in  th e  I r ish  c o n te x t a n d  i t  ab id es  by  th e  g u id e lin es  o u tlin e d  by  IC A R  (2002)
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C h a p t e r  5
M o d e l l i n g  M ilk  Y ie l d
5 1 Introduction
E m p ir ic a l a lg eb ra ic  m o d e llin g  o f la c ta tio n  cu rv es offers a  s u m m a ry  o f lo n g itu d in a l 
m ilk  y ie ld  p a t te r n s  from  w h ich  c u m u la tiv e  la c ta tio n  cu rv es ca n  b e  e s t im a te d  o r by  
w h ich  to ta l  la c ta t io n  m ilk  y ie ld s  m ay  b e  p re d ic te d  from  in c o m p le te  d a t a  A p p ro ­
p r ia te  m o d e ls  p ro v id e  usefu l in fo rm a tio n  for b re e d in g  a n d  m a n a g e m e n t d ec is io n s a t  
b o th  in d u s t ry  a n d  fa rm  level To e n s u re  a c c u ra te  d ec is io n s p e r t in e n t  to  in d iv id u a l 
a n im a ls  o r  h e rd s  it  is e s sen tia l t h a t  c u m u la tiv e  y ie ld  is p re d ic te d  w ith  m in im u m  
e r ro r  a n d  from  re la tiv e ly  few te s t  d a te s , th e  la t te r  re d u c in g  th e  co s t a n d  inconve­
n ien ce  of m ilk  re c o rd in g  P ro m  th e  b io -e c o n o m is t5s v ie w p o in t, th e  la c ta t io n  cu rv e  
m u s t a c c u ra te ly  d e p ic t w h a t is e x p e c te d  a t  fa rm  level
M a n y  a u th o rs  have  c o n tr ib u te d  to  th e  e v o lu tio n  o f re se a rch  in to  la c ta t io n  cu rv es 
by  u s in g  em p irica l reg ress io n  m ode ls , te s t-d a y  m o d e ls , m u lt ip h a s ic  m ode ls , B ay esian  
a n a ly s is  a n d  a u to re g re ss iv e  p ro c e d u re s , as  o u tlin e d  in  C h a p te r  2, th is  s tu d y  w ill fo­
cu s on  e m p irica l reg ressio n  m o d e ls  E m p ir ic a l reg ress io n  m o d e ls  have  b e e n  fo u n d  to  
p e r fo rm  well s ta t is t ic a lly  over a  w ide v a r ie ty  o f d a ta s e ts  a n d  th e y  a re  o ften  b io log ­
ically  in te rp re ta b le  T h e y  a re  easy  to  a p p ly  a n d  th e re fo re  th e y  a re  o f g re a t b en e fit 
to  sc ie n tis ts  a n d  e c o n o m is ts  A s u m m a ry  o f th e  e m p irica l reg re ss io n  m o d e ls  in v e s ti­
g a te d  in  th is  c h a p te r  is show n  in T a b le  5 1 H ow ever, a t  p re s e n t in  I re la n d , th e  S LA C
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Table 5 1 Summary of models investigated
Year Researcher Model*
1923 B ro d y  e t  al
1924 B ro d y  e t  al 
1950 S ikka 
1967 W o o d  
1967 W o o d  
1971 D ave
1977 Y ad av  e t al
1978 C o b b y  a n d  Le D u
1979 M a d a le n a  e t  al 
1979 M o lin a  a n d  B osch im  
1982 S ingh  a n d  G o p a l 
1987 A h a n d  Schaeffer 
1987 W ilm in k
1995 G u o  a n d  Sw alve
Yn =  a e -im
Yn =  a e ' 6"  -  ae~cn
71 a+bn+cn2
Yn = a — bn — ae~cn 
Yn = a — bn 
Yn — a — b\n — c\
Yn = a — bn + cln(n)
Yn — a +  67 4- C7 2 +  du) -h euj2 ** 
Yn = a + be~kn +  an 
Yn — a +  by/n +  clog(n)
Yn is the yield m lactation week n
(S ta n d a rd  L a c ta t io n  C u rv e )  m e th o d  o f O lo ri a n d  G a le s lo o t (1999) (as d e sc r ib e d  in 
S ec tio n  2 2 6) is th e  p re fe rre d  m e th o d  for p re d ic tin g  m ilk  y ie ld  b u t  a  sing le  e q u a tio n  
m o d e l w ould  b e  c o n s id e red  m o re  a p p ro p r ia te  for u se  by  b io -ec o n o m is ts  w ho  n eed  to  
c o n s ta n t ly  u p d a te  a n d  re -c re a te  th e  p a ra m e te rs  for d iffe ren t scen a rio s
A d v an ces  in  m a n a g e m e n t techno logy , im p ro v e m e n ts  m  cow p ro d u c tio n  p o te n ­
tia l, a n d  p ro c e d u re s  to  e v a lu a te  la c ta tio n  cu rv e  m o d e ls  have  re su lte d  in  a  ren ew ed  
in te re s t in  e x a m in in g  la c ta tio n  cu rv e  m o d e ls  u n d e r  I r ish  c o n d itio n s  A lte rn a tiv e s  
to  th e  m o d e l of W ood  (1967), su ch  as  th o se  p ro p o se d  by  A ll a n d  S chaeffer (1987), 
W ilm in k  (1987) a n d  G u o  a n d  Sw alve (1995), a re  c o n s id e red  w o rth y  o f in v e s tig a tio n  
b e c a u se  th e y  have  b ee n  p ro v en  to  have  a  b e t te r  fit th a n  W o o d ’s m o d e l in  th e ir  
re sp e c tiv e  s tu d ie s  T h e  o b je c tiv e s  o f th is  c h a p te r  a re  to  c o m p a re  th e  g oodness-o f- 
fit o f n u m e ro u s  e m p irica l m o d e ls  in c lu d in g  th o se  o f W o o d  (1967), C o b b y  a n d  Le 
D u  (1978), A ll a n d  Schaeffer (1987), W ilm in k  (1987) a n d  G u o  a n d  Sw alve (1995) 
T h is  c h a p te r  w ill a lso  an a ly se  th e  re s id u a ls  a r is in g  from  th e  f it t in g  o f each  m o d e l 
in  a n  a t te m p t  to  find  a  w e ll-fittm g , ro b u s t ,  s ing le  e q u a tio n  m o d e l o f w eekly  m ilk
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y ie ld s T h u s , th is  w ork  e x a m in e s  for each  m o d e l its  a d h e re n c e  to  th e  a s su m p tio n s  
o f reg ressio n  a n a ly s is  in  o rd e r  to  d e te rm in e  th e  re lia b ili ty  o f th e  d iffe ren t m o d e ls  in  
e s t im a tin g  to ta l  m ilk  y ie ld  te s te d  u n d e r  p re se n t d ay  I r is h  p ro d u c tio n  co n d itio n s  If  
a  m o d e l d o es n o t  a d h e re  to  th e  a s su m p tio n s  o f reg ressio n  a n a ly s is  it  m ay  n o t b e  th e  
m o s t re liab le  m o d e l to  use  as  its  ro b u s tn e s s  w ou ld  b e  q u e s tio n a b le  A n  a d d itio n a l 
p u rp o se  o f th is  a n a ly s is  is to  p ro v id e  a  se a so n a lity  p ro d u c tio n  p a t te r n  ta b le  for use  
by  b io -ec o n o m ists
T h e  a s su m p tio n s  o f a  reg ress io n  a n a ly s is  t h a t  need  to  b e  e x a m in e d  to  assess  th e  
a p p ro p r ia te n e s s  o f a  p a r t ic u la r  m o d e l a re  as follows
1 in d e p e n d e n c e  o f th e  e r ro r  te rm s  (no  a u to c o r re la tio n ) ,
2 in d e p e n d e n c e  o f th e  e x p la n a to ry  v a ria b le s  (ab se n ce  o f m u lt ic o lh n e a rity ) ,
3 c o n s ta n c y  o f th e  v a ria n c e  o f e r ro r  te rm s  (h o m o sk e d a s tic ity )
4 n o rm a lity  o f th e  d is tr ib u t io n  of e r ro r  te rm s
F or a  n o n -lin e a r  e q u a tio n  re p re se n te d  by  th e  m o d e l Yu = / ( £ UJ0) +  eU} w h ere  Yu 
is th e  d e p e n d e n t o r re sp o n se  v a ria b le , £u is a n  in d e p e n d e n t o r p re d ic to r  v a ria b le  
(u — 1, 2 , , n)  a n d  0 a re  th e  p a ra m e te rs ,  th e  t r u e  re s id u a ls , c j ,  , eu, a re  a s su m ed
to  b e  n o rm a lly  d is t r ib u te d  (N)  w ith  zero  m e a n  a n d  c o n s ta n t  v a ria n c e  o f a 2
In  C h a p te r  3 it  w as fo u n d  th a t  la c ta tio n  n u m b e r, ca lv in g  m o n th , h e rd , b ree d  a n d  
feed h a d  a  s ig n ifican t effect on  to ta l  m ilk  y ie ld  p e r  cow in  I re la n d  a n d  th a t  th e  effect 
o f th e se  v a ria b le s  sh o u ld  th e re fo re  b e  ta k e n  in to  a c c o u n t M ilk  y ie ld  is a lso  affec ted  
by  e n v iro n m e n ta l fac to rs , su ch  as  w e a th e r  a n d  g ra ss  a v a ila b ility  In  p a r t ic u la r ,  
th e re  is a  s tim u lu s  to  m ilk  p ro d u c tio n  d u e  to  h ig h  a v a ila b ili ty  a n d  d ig e s tib ility  o f 
g ra ss  in  s p r in g  a n d  a  d e p re ss in g  effect d u e  to  th e  use  o f co n serv ed  fo rage in  th e  
w in te r  (C u n n in g h a m , 1972, K illen  a n d  K ea n e , 1978) I t  w as n ecessa ry  to  e x a m in e  
th is  effect so t h a t  a  se aso n a l p ro d u c tio n  p a t te r n  ta b le  co u ld  b e  c re a te d  for use  by  
b io -ec o n o m is ts , w h ich  w ou ld  a c c o u n t for th e  v a r ia tio n  ca u se d  in  m ilk  y ie ld  d u e  to  
p ro d u c tio n  m o n th
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5.2 Data used in this Study
T w o  se ts  o f d a t a  h av e  b e e n  m a d e  av a ilab le  for th is  s tu d y , as  d e sc r ib e d  in  C h a p te r  3, 
D a ta s e t  1 co m p rised  la c ta tio n  rec o rd s  from  six  re se a rch  h e rd s  (T eagasc) rec o rd e d  
over th e  p e r io d  1995 to  2001 T h e se  d a t a  in c lu d e d  1,729 la c ta t io n s  from  872 in ­
d iv id u a l cow s, o f w h ich  1,408 la c ta t io n s  w ere  from  s p r in g /s u m m e r  ca lv in g  (S S C ) 
cow s a n d  th e  re m a in d e r  w ere a u tu m n /w m te r  ca lv in g  (A W C ), defin ed  as ca lv in g  
from  J u ly  to  D ec em b e r D a ta s e t  2 co m p rised  14,198 la c ta tio n s , w ith  m o n th ly  te s t  
d ay  y ie ld s  rec o rd e d  d u r in g  1999 a n d  2000 from  79 co m m erc ia l d a iry  h e rd s  W ith in  
th is  d a ta s e t  4 ,336 cow s h a d  re p e a te d  la c ta tio n s  ac ro ss  th e  tw o  y ea rs  a n d  all w ere 
s p rm g /s u m m e r  ca lv m g  R e c o rd s  w ith  few er th a n  five rec o rd in g s  w ere d e le te d  from  
D a ta s e t  2 a n d  la c ta t io n s  of less th a n  25 w eeks d u ra tio n  w ere rem o v ed  from  D a ta s e t  
1 A b n o rm a l rec o rd in g s  w ere a lso  d e te c te d , u s in g  th e  m e th o d  o u tlin e d  in  C h a p te r  4 
a n d  rem oved  fro m  th e  d a ta s e ts  A fte r  e d its , D a ta s e ts  1 a n d  2 c o n s is te d  o f 1,727 a n d  
13,229 la c ta tio n s , re sp e c tiv e ly
5 3 Investigation of Models
M o d e ls  c ite d  in  th e  l i t e r a tu r e  w ere in v e s tig a te d  a n d  th e  su ita b il i ty  of a  m o d e l w as 
e v a lu a te d  on  th e  b as is  o f its  g o o d n ess-o f-fit to  th e  d a ta ,  i ts  a b ility  to  sa tis fy  th e  
a s su m p tio n s  o f reg ress io n  a n a ly s is  (n am e ly  a u to c o r re la tio n , h o m o sk e d astic ity , m ul- 
t ic o llm e a n ty  a n d  n o rm a lity  o f th e  d is t r ib u t io n  o f e r ro r  te rm s )  a n d  its  a b ility  to  
p re d ic t to ta l  m ilk  y ie ld  T h e se  c r i te r ia  w ere e x a m in e d  se p a ra te ly  a n d  th e n  th e  
o vera ll b e s t- f it  m o d e l w as chosen
5 3 1 Goodness-of-Fit
A p re lim in a ry  e x a m in a tio n  w as e a rn e d  o u t on  th e  m o d e ls  o f B ro d y  e t a l (1923), 
B ro d y  e t al (1924), S ikka  (1950), W ood  (1967), D ave (1971), C o b b y  a n d  L e D u
(1978), Y ad av  e t al (1977), M a d a le n a  e t al (1979), S ingh  a n d  G o p a l (1982), A h
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a n d  S chaeffer (1987), W ilm in k  (1987) a n d  G u o  a n d  Sw alve (1995) T h e se  m o d e ls  
w ere f it te d  to  p o o le d  d a ta ,  u s in g  lin e a r  a n d  n o n lin e a r  reg ress io n  a n d  th e n  th e  effects 
o f la c ta tio n  n u m b e r, ca lv in g  m o n th  a n d  h e rd  w ere rem o v ed  T h is  w as d o n e  by  
c a lc u la tin g  th e  m e a n  p a ra m e te r  e s tim a te s  for each  h e rd , a n d  w ith in  each  h e rd  th e  
m e a n  p a ra m e te r  e s tim a te s  for each  ca lv m g  m o n th , a n d  w ith m  each  ca lv in g  m o n th  
fin d in g  th e  m e a n  p a ra m e te r  e s tim a te s  for each  la c ta t io n  n u m b e r, th e se  fin d in g s w ere 
u sed  to  g ive th e  m e an  p a ra m e te r  e s tim a te s  for each  m o d e l T h o se  m o d e ls  w h ich  
w ere fo u n d  to  b e  p o o r  in  f it t in g  th e  I r ish  d a t a  (i e R 2 < 0 60) w ere e lim in a te d  
fro m  fu r th e r  c o n s id e ra tio n  T h e  R 2 v a lu e  of a  n o n lin e a r  e q u a tio n  w as fo u n d  by  
ca lc u la t in g
* - § § §  <“ «
w h ere  S S E  is th e  e r ro r  su m  o f sq u a re s  a n d  C S S  is th e  c o rre c te d  to ta l  su m  o f sq u a re s  
for th e  d e p e n d e n t v a ria b le  T h e  M e an  S q u a re  P re d ic t io n  E r ro r  (M S P E ) v a lu e  w as 
also  u sed  as a  m e a su re  of g o o d n ess-o f-fit (K v an li e t  a l , 1986) u s in g  th e  follow ing 
fo rm u la  -
n
M S P E  =  (5 3 2)
n
w h ere  et is th e  re s id u a l for o b se rv a tio n  t  a n d  n  is th e  n u m b e r  o f p re d ic te d  values 
o b ta in e d  T h is  w as c a lc u la te d  for each  ca lv m g  m o n th  a n d  la c ta t io n  n u m b e r  c a te g o ry  
w ith m  each  h e rd  b e fo re  c a lc u la tin g  th e  overall M S P E  value  for each  m o d e l
T h is  p re lim in a ry  e x a m in a tio n  re su lte d  in  th e  m o d e ls  o f B ro d y  e t  a l (1923), 
B ro d y  e t a l (1924), S ikka (1950), D ave (1971), Y ad av  e t al (1977), M a d a le n a  e t  al
(1979), M o lin a  a n d  B oschm i (1979) a n d  S m gh  a n d  G o p a l (1982) b e in g  e lim in a te d  
b e c a u se  th e y  gave rise  to  v ery  h ig h  M S P E  values (g re a te r  th a n  610), in d ic a tin g  a  
p o o r  fit o f  th e se  m o d e ls  to  th e  d a t a  In  fac t, th e  m o d e l o f  B ro d y  e t al (1924) failed  
to  converge  u s in g  th e  I r ish  d a t a  T h e  g o o d n ess-o f-fit s ta t is t ic s  o f th e  e x p e c te d  cu rv es 
for w eekly  m ilk  y ie ld , for th e  b e t te r - f i t t in g  m o d e ls  a n d  for th e  m o d e l o f W o o d  (1967),
55
a re  p re se n te d  m  T a b le  5 2 I t  c a n  b e  seen  th a t  th e  m o d e l o f  A ll a n d  Schaeffer (1987) 
gave th e  b e s t  fit w ith  a  M S P E  value  of 501 79, w h ile  th e  m o d e l o f W o o d  (1967), in  
w eig h ted  lin e a r  fo rm , gave th e  p o o re s t fit (M S P E  value  o f 624 83)
T h e  M S P E  values fo u n d  in  th is  s tu d y  for th e  lin e a r  a n d  n o n -lin e a r  fo rm s of 
th e  m o d e l o f W o o d  (1967) re in fo rce  th e  p o in t m a d e  by  C o b b y  a n d  L e D u  (1978) 
t h a t  n o n -lm e a r  reg ress io n  w ou ld  p rove  to  b e  a  m o re  s a tis fa c to ry  m e th o d  o f f it t in g  
a  n o n lin e a r  m o d e l A fte r  th e  p re lim in a ry  e x a m in a tio n , th e  m o d e ls  o f W o o d  (1967) 
(n o n -lm e a r  fo rm ), W ilm in k  (1987), A h  a n d  Schaeffer (1987) a n d  G u o  a n d  Sw alve 
(1995), w ere c o n s id e red  to  h av e  a c c e p ta b le  M S P E  values  a n d  fu r th e r  a n a ly s is  w as 
p e rfo rm e d  on  th e se  m o d e ls
5 3 2 Analysis of Residuals
A lth o u g h  m a n y  re se a rch e rs  h av e  b ee n  involved  in  m o d e llin g  m ilk  y ie ld  u s in g  reg res­
s ion  te ch n iq u e s , th e y  d id  n o t te s t  th e  v a lid ity  o f all th e  a s su m p tio n s  of reg ressio n  
a n a ly s is  T h is  s tu d y  in v e s tig a te s  th e  a s su m p tio n s  o f reg ress io n  a n a ly s is  for th e  m o d ­
els c ite d  in  l i t e r a tu r e  m  th e  se a rch  to  find  th e  b e s t  e m p ir ic a l reg ressio n  m o d e l o f 
w eekly  m ilk  y ie ld  th ro u g h o u t  la c ta tio n  in  I r ish  d a iry  cows
A u to c o r re la t io n  d e sc rib es  th e  s i tu a tio n  w h ere  successive  ite m s  in  a  se ries a re  
c o r re la te d , so  t h a t  th e ir  co v a rian ce  is n o t zero  a n d  th e y  a re  n o t  in d e p e n d e n t T h is  
o ften  o cc u rs  m  tim e  se ries d a t a  T h e  D u rb m -W a ts o n  s ta t is t ic  w as c a lc u la te d  for
T ab le  5 2 G o o d n ess-o f-fit s ta t is t ic s  of e x p e c te d  cu rv es for w eekly  m ilk  y ie ld
M o d e l M S P E  v a lu e
W ood  (L in e a r  F o rm ) 583 99
W o o d  (W eig h ted  L in e a r  F o rm ) 624 83
W o o d  (N o n lin ea r  F o rm ) 562 16
W ilm in k 603 72
A ll a n d  Schaeffer 501 79
A li-B 520 93
G u o  a n d  Sw alve 556 57
Source Quinn et al (2005a)
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all of th e  m o d e ls  to  te s t  for th e  ex is te n ce  o f a u to c o r re la t io n  b e tw e e n  th e  re s id u a ls  
A co n seq u en ce  o f a u to c o r re la tio n  is t h a t  th e  d eg rees  o f freed o m  a re  o v e r-e s tim a te d , 
le ad in g  to  u n re a lis tic  t -  statistic  v a lues T h e  dec is io n  ru les  for a u to c o r re la tio n  used  
in  th is  s tu d y  a re  th o se  o u tlin e d  by  M e n d o za  (1999) (see T ab le  5 3) w h ere  di is th e  
low er c r it ic a l b o u n d  a n d  du is th e  u p p e r  b o u n d  In itia lly , f irs t o rd e r  a u to c o r re la tio n  
w as e x a m in e d  a n d  if th is  p roved  to  b e  inconclu s ive  th e n  h ig h e r  o rd e r  a u to c o rre la tio n s  
w ere  te s te d  T h e  D u rb in -W a t son  s ta t is t ic  w as fo u n d , m  th is  s tu d y , to  b e  b e tw e en  
du a n d  4 — du for f irs t o rd e r  a u to c o rre la tio n , for all o f th e  m o d e ls  in v e s tig a te d , 
in d ic a tin g  th a t  a u to c o r re la t io n  w as n o t  p re se n t (T ab le  5 4)
If  th e  re s id u a ls  in  th e  reg re ss io n  e q u a tio n  have  a  c o m m o n  v a ria n ce  th e  m o d e l is 
re fe rre d  to  as h o m o sk e d as tic  T h e  te s t  for v io la tio n  o f h o m o sk e d a s tic ity  is W h i te ’s 
te s t  (Sen a n d  S riv a s ta v a , 1990) H e te ro sk e d a s tic ity  is ca u se d  by  th e  n o n -n o rm a lity  
o f o n e  o f th e  v a ria b le s , a n  in d ire c t re la tio n sh ip  b e tw e en  v a ria b le s , o r ca n  re s u lt  from  
th e  effect o f a  d a t a  t r a n s fo rm a tio n  H e te ro sk e d a s tic ity  is n o t fa ta l to  a n  a n a ly s is  
b u t  th e  a n a ly s is  is w eak en ed  w h en  it  is p re se n t W h i te ’s te s t  w as c a lc u la te d  for 
each  in d iv id u a l la c ta tio n , a  m e a n  v a lu e  b e in g  c o m p u te d  a f te r  a c c o u n tin g  for ca lv in g  
m o n th , la c ta t io n  n u m b e r  a n d  h e rd  effect I t  w as fo u n d  th a t  all m o d e ls  h a d  a  p —value 
for W h i te ’s te s t  o f g re a te r  th a n  0 05, in d ic a tin g  th a t  h e te ro sk e d a s tic ity  w as n o t a  
p ro b le m  m  a n y  of th e  m o d e ls
T h e  g en e ra l t e s t  u sed  to  in v e s tig a te  w h e th e r  o r n o t th e  re s id u a ls  o f a  reg ressio n  
a n a ly s is  a re  n o rm a lly  d is t r ib u te d  is th e  K o lm o g o ro v -S m irn o v  te s t  I t  w as fo u n d
T ab le  5 3 D ec ision  ru le s  for a u to c o r re la tio n
Null Hypothesis Condition Decision
N o p o s itiv e  c o rre la tio n 0 <  d < di R e je c t n u ll (A u to c o rre la tio n )
N o p o s itiv e  c o rre la tio n di < d < du N o dec ision
N o n e g a tiv e  c o rre la tio n 4 -  d[ < d < 4 R e je c t nu ll (A u to c o rre la t io n )
N o n eg a tiv e  c o rre la tio n 4 — du < d < 4 — di N o dec ision
N o a u to c o r re la tio n du ^  d <  d[ D o n o t re je c t nu ll
5 7
Table 5 4 Comparison of models for milk yield
T e s t W o o d W i l m i n k A l l  a n d  S c h a e f f e r A l i - B G u o  a n d  S w a iv e
M S P E 562 16 603 72 501 79 520 93 556 57
R 2 0 63 0 60 0 68 0 67 0 64
A u to c o rre la tio n N o 1s t  O rd e r N o 1 s t O rd e r N o 1 st O rd e r N o 1s t  O rd e r N o  1 st O rd e r
M u lt ic o lh n e a n ty W eak W e a k S tro n g M o d e ra te M o d e ra te
(C o n d itio n  In d e x ) (25 2) (15 3) (1075 4) (55 9) (49  4)
H e te ro sk e d a s tic ity N o N o N o N o N o
N o rm a li ty N o rm a l N o rm a l N o rm a l N o rm a l N o rm a l
K u rto s is 0 60 0 78 0 53 0 34 0 41
Skew ness -0 07 -0 18 -0 07 -0 05 -0 06
Source Q u in n  e t a l (2005a)
u sin g  th is  te s t  t h a t  th e  a s su m p tio n  o f n o rm a lity  o f th e  re s id u a ls  w as n o t v io la te d  as 
th e  p — values  for th e  K o lm o g o ro v -S m irn o v  te s t  s ta t is t ic ,  D , v a rie d  fro m  0 10 to  0 11 
ac ro ss  th e  m o d e ls  in v e s tig a te d  (See T ab le  5 4) A d d itio n a l m e a su re s  w h ich  help  to  
u n d e r s ta n d  th e  d is t r ib u t io n  o f th e  d a t a  a re  skew ness (w h ich  id en tifies  lack  o f sy m ­
m e try  m  a  g iven  d is t r ib u t io n )  a n d  k u r to s is  (w hich  id en tif ies  w eigh t in  th e  e x tre m e s  
in  a  p ro b a b il i ty  d is t r ib u t io n ) ,  th e  k u r to s is  v a lu e  o f a  n o rm a l d is t r ib u t io n  b e in g  zero  
K u rto s is  va lues  v arie d  b e tw e e n  0 34 a n d  0 78, w h ile  skew ness v a ried  b e tw een  -0 04 
a n d  -0 18 T h u s , it  w as c o n c lu d e d  from  th e  e x a m in a tio n  o f th e  K o lm o g o ro v -S m irn o v  
te s t  s ta t is t ic ,  k u r to s is  a n d  skew ness t h a t  th e re  w as no  s ig n ific an t d e v ia tio n  fro m  n o r­
m a lity  in  th e  d is t r ib u t io n  o f th e  re s id u a ls  for th e  m o d e ls  o f W o o d  (1967) (n o n lin e a r  
fo rm ), W ilm m k  (1987) A ll a n d  Schaeffer (1987) a n d  G u o  a n d  Sw alve (1995)
T h e  s i tu a tio n  w h ere  th e  e x p la n a to ry  v a ria b le s  a re  h ig h ly  m te rc o rre la te d , th u s  
m a k in g  it  d ifficu lt to  d is t in g u ish  th e  s e p a ra te  effects o f th e  e x p la n a to ry  v a ria b le s  
on  th e  d e p e n d e n t v a ria b le , is k now n  as m u ltic o lh n e a rity  A  c o n d itio n  in d e x  w as 
c a lc u la te d  to  te s t  for th e  p re se n ce  o f m u lt ic o lh n e a rity  I f  th e  c o n d itio n  in d e x  val­
ues ra n g e d  from  30 to  100 it  in d ic a te d  t h a t  m o d e ra te  to  s tro n g  m u ltic o lh n e a rity  
e x is te d  (B elsley  e t  al , 1980) W h e n  m u ltic o lh n e a r ity  e x is ts  tw o  p ro b le m s m ay  oc­
c u r  th e  c o m p u ta t io n  o f th e  p a ra m e te r  e s tim a te s  m ay  b e  slow  a n d  n o n -co n v e rg e n t, 
a n d  th e  p a ra m e te r  e s tim a te s  m a y  have  in fla te d  v a ria n ce s  (B elsley  e t  al , 1980) To 
re d u c e  th e  p resen ce  o f m u lt ic o llin e a n ty  a t  le a s t one o f th e  v a ria b le s  n eed s to  b e  
rem o v ed  E x a m in a tio n  of th e  m u ltic o lh n e a r ity  d ia g n o s tic s  rev e a le d  th a t  th e re  w as 
a  s tro n g  p re se n ce  o f m u lt ic o lh n e a rity  w h en  a p p ly in g  th e  m o d e l o f  A ll a n d  S chaeffer 
(1987), w ith  a  c o n d itio n  in d e x  va lue  o f 1075 4 (T ab le  5 4) In  th e  m o d e l o f  G uo  
a n d  Sw alve (1995) th e re  w as m o d e ra te  m u lt ic o lh n e a rity  (co n d itio n  in d e x  v a lu e  of 
49 39), w h e re a s  in  th e  m o d e ls  o f W o o d  (1976) a n d  W ilm m k  (1987), m u ltic o lh n e a rity  
w as w eak  (co n d itio n  in d e x  va lues o f 25 20 a n d  15 32, re sp e c tiv e ly )  A s th e  m o d e l 
o f A h  a n d  Schaeffer (1987) h a s  th e  b e s t  M S P E  v a lu e  b u t  th e  m o s t severe  p ro b le m  o f 
m u ltic o lh n e a rity , th is  m o d e l w as th e n  e x a m in e d  w ith  each  o f th e  v a ria b le s  rem oved
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in  tu r n  ( th u s  rem o v in g  a  p a ra m e te r  each  tim e  th e  m o d e l w as re -e s t im a te d )  I t  w as 
fo u n d  th a t  th e  c o n d itio n  in d e x  cou ld  b e  re d u c e d  w h en  p a r a m e te r  b, c, d o r e w as 
rem o v ed , b u t  th e  g re a te s t  im p ro v e m en t o c c u rre d  w h en  p a ra m e te r  b (a sso c ia te d  w ith  
th e  7 v a r ia b le )  w as rem o v ed  T h e  M S P E  v a lu e  for th is  new  m o d e l (w ith o u t th e  b 
p a ra m e te r ) ,  d e n o te d  th e  A h-B  m o d e l, w as 520 93, w h ich  is m a rg in a lly  h ig h e r  th a n  
th e  M S P E  v a lu e  fo u n d  w h en  f it t in g  th e  o rig in a l m o d e l o f A ll a n d  Schaeffer (1987) 
A s a  re s u lt  o f th e se  reg ressio n  an a ly ses , th e  m o d e ls  u se d  to  e s t im a te  th e  ex p e c te d  
la c ta t io n  cu rv es for m ilk  y ie ld  a re  show n  in  T a b le  5 5 T h e  e s tim a te s  o f th e  b 
p a ra m e te r  fo r th e  th re e  fo rm s o f W o o d ’s m o d e l w ere v e ry  s im ila r  0 35, 0 27 a n d  0 32 
for W o o d ’s lin e a r , w eig h ted  lin e a r  a n d  n o n lin e a r  fo rm s, re sp e c tiv e ly  T h e  va lues w ere 
also  v e ry  s im ila r  for th e  e s tim a te s  o f th e  p a ra m e te r  c, b e tw e en  th e  th re e  e s tim a tio n  
p ro c e d u re s  (0 041, 0 035 a n d  0 039, resp e c tiv e ly )
A  co m p a riso n  of th e  p a ra m e te r  e s tim a te s  for th e  m o d e l o f W o o d  (1967) in th e  
s tu d y  o f K illen  a n d  K ea n e  (1978) w ith  th o se  fo u n d  m  th is  s tu d y  give a n  in d ic a tio n  of 
ch an g es  w h ich  h av e  o c c u rre d  in  d a iry in g  m  th e  27 y ea rs  b e tw e en  th e  tw o s tu d ie s  (See 
F ig u re  5 1) T h e  m e a n  va lues o f th e  sh a p e  p a ra m e te rs  h av e  in c re ase d  from  0 331 to  
0 353 for p a ra m e te r  b a n d  have  d e c reased  s lig h tly  (m  a b s o lu te  te rm s)  fro m  -0 058 to  
-0 041 for c In  th e  1978 s tu d y , p e a k  y ie ld  w as e s t im a te d  to  have  o c c u rre d  a ro u n d  
w eek six  o f la c ta tio n , w h erea s  m  th is  s tu d y  it  w as o b se rv e d  a ro u n d  w eek e ig h t
T a b le  5 5 E x p e c te d  cu rv e  m o d e ls  for m ilk  y ie ld
Model Equation estimated*
W o o d  (L in ea r  F o rm ) Yn =  e:rp(119 87 +  0 35 In n  — 0 04n)
W o o d  (W eig h ted  L in e a r  F o rm ) Yn = exp( 142 02 -f  0 27 In n  — 0 04n)
W o o d  (N o n lin ea r  F o rm ) Yn =  143 13n° 32e~° 04n
W ilm in k Yn = 262 37 -  102 4 6 e“ ° 10n -  4 53n
A ll a n d  Schaeffer Yn = 194 42 -  99 87j  -  16 2O72 +  19 35cj -  7 92u2 **
A li-B Yn = 121 98 -  52 467 2 +  71 06u -  18 94cj2**
G u o  a n d  Sw alve Yn =  190 18 -  71 4 9 > /n  +  95 2 0 1 o g n
Yn is the yield m lactation week n
* *  ~ =  I 2 L  u  =  / n M 5  
! 305 * Ul In
Source Quinn et al (2005a)
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1 6 11 16 21 26 31 36 41
Lactation Week
-♦— Average of Yield 1 978 - b — Average of Yield 2003
F ig u re  5 1 C o m p a riso n  o f  la c ta tio n  cu rv es m  1978 a n d  2003, u s in g  th e  m o d e l o f 
W o o d  (lin e a r  fo rm ), show ing  th e  p e a k  w eek o f m ilk  y ie ld
In  c o m p a riso n  w ith  th e  s tu d y  o f K illen  a n d  K e a n e  (1978) th e  average  m ilk  y ie ld  
p e r  cow , as  p re d ic te d  by  th e  m o d e l o f W o o d  (1967), m  lin e a r  fo rm , h a s  in c reased  
m o re  th a n  tw ofo ld  fro m  2,364 kg  to  5,448 kg  b e tw e en  th e  tw o  s tu d ie s  I t  m u s t 
b e  acknow ledged , how ever, t h a t  th e  tw o  s tu d ie s  u sed  q u ite  d iffe ren t d a ta s e ts ,  th e  
d a ta s e t  u se d  by  K illen  a n d  K e a n e  (1978) c a m e  fro m  e x p e r im e n ta l h e rd s  only, w hile  
th e  d a ta s e t  in  th e  p re se n t s tu d y , as  well as  b e in g  so m e w h a t la rg e r, in c lu d es  d a t a  
fro m  co m m erc ia l d a iry  h e rd s
5 3 3 Estimation of Total Milk Yield
A s th e  to ta l  m ilk  y ie ld  is o n ly  k now n  fo r th e  cow s in  D a ta s e t  1, th e  m o d e ls  o f W ood  
(1967), W ilm in k  (1987), A ll a n d  Schaeffer (1987) a n d  G u o  a n d  Sw alve (1995) w ere 
u se d  to  e s t im a te  th e  to ta l  m ilk  y ie ld  for each  cow  m  th is  d a ta s e t  o n ly  T h is  w as 
ach ieved  by  f irs t d e te rm in in g  th e  p a ra m e te r  va lues for each  la c ta tio n  n u m b e r, w h ich
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w ere th e n  u se d  to  p re d ic t th e  m e a n  w eekly  y ie ld s for each  cow, th e  tim e  v a ria b le  
m  all o f th e  m o d e ls  is m e a su re d  in  w eeks T h e  w eekly  y ie ld s  w ere th e n  c u m u la te d  
to  give th e  e s t im a te d  to ta l  m ilk  y ie ld  for each  cow  for each  m o d e l T h e  m e an  of 
th e  e s t im a te d  to ta l  m ilk  y ie ld  a n d  th e  a c tu a l to ta l  m ilk  y ie ld  w ere  th e n  c a lc u la te d  
by  w e ig h tin g  th e m  a c co rd in g  to  th e  n u m b e r  o f a n im a ls  m  each  la c ta t io n  n u m b e r  
ca te g o ry
T h e  av erag e  a c tu a l to ta l  m ilk  y ie ld  for D a ta s e t  1 w as 5,702 kg  T h e  m o d e l 
o f A ll a n d  S chaeffer (1987) (See T ab le  5 6) gave a n  e s tim a te d  to ta l  m ilk  y ie ld  of 
5 ,937 kg, o v e re s tim a tin g  th e  to ta l  by  a lm o s t fo u r p e r  c e n t T h e  A li-B  m o d e l e s ti­
m a te d  th e  to ta l  m ilk  y ie ld  to  b e  5,795 kg, o n ly  o v e re s tim a tin g  th e  av erag e  by  1 6 
p e r  c e n t T h e  m o d e ls  o f W o o d  (1967), W ilrn m k  (1987) a n d  G u o  a n d  Sw alve (1995) 
a lso  o v e re s tim a te d  to ta l  m ilk  y ie ld  by  11 2 p e r  ce n t, 1 9 p e r  c e n t a n d  2 5 p e r  ce n t 
re sp e c tiv e ly
5 4 Selection of Most Satisfactory Model
T h e  m a in  o b je c tiv e  of th is  c h a p te r  h a s  b e e n  to  ex a m in e  th e  s u ita b il i ty  o f a  n u m b e r  
o f sing le  e q u a tio n  m o d e ls  to  ex p la in  th e  level o f m ilk  y ie ld  th ro u g h o u t  a  la c ta t io n  
T h e  re su lts  show  th a t  th e  A li-B  m o d e l is th e  m o s t c o n s is te n t a t  a d h e r in g  to  th e
T ab le  5 6 C o m p a riso n  o f e s t im a te d  to ta l  y ie ld  w ith  a c tu a l  to ta l  y ie ld
Model Total Milk Yield 
(kg)
Percentage Deviation 
(% )
A c tu a l T o ta l M ilk  Y ield 5702 -
W o o d  (N o n -lin e a r  F o rm ) 6423 11 2
W ilm m k 5813 1 9
A h a n d  Schaeffer 5937 3 9
A li-B 5795 1 6
G u o  a n d  Sw alve 5849 2 5
Source Qumn et al (2005a)
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reg ress io n  a s su m p tio n s  a n d  p re d ic tin g  in d iv id u a l w eekly  a n d  to ta l  m ilk  y ie ld s  T h is  
m o d e l re p re se n ts  a  co n s id e ra b le  im p ro v e m e n t o f th e  lin e a rise d  m o d e l o f W o o d  w hich  
w as u sed  in  th e  s tu d y  o f K illen  a n d  K ea n e  (1978)
F o r th e  m o s t p ro m is in g  m o d e ls , th e  re s id u a ls  w ere a n a ly se d  to  te s t  a d h e re n c e  to  
th e  a s su m p tio n s  w h ich  a re  m a d e  w h en  f it t in g  th e  m o d e ls  u s in g  reg ressio n  an a ly s is  
T h e  n o rm a lity  a s su m p tio n  w as n o t a  p ro b le m  a l th o u g h  it  is acknow ledged  th a t  th e  
t e s t ’s a b ility  to  re je c t th e  nu ll h y p o th e s is  in c reases  w ith  th e  sa m p le  size (SA S, 1999) 
I t  w as co n c lu d e d  from  th e  va lues of th e  K o lm o g o ro v -S m irn o v  te s t  s ta t is t ic  a n d  a n  
e x a m in a tio n  o f k u r to s is  a n d  skew ness t h a t  th e re  w as no  s ig n ifican t d e v ia tio n  from  
n o rm a lity  m  th e  d is t r ib u t io n s  of th e  re s id u a ls  w h en  a n a ly s in g  th e  m o d e ls  o f W o o d  
(1967) (n o n lin e a r  fo rm ), W ilm m k  (1987) A h a n d  Schaeffer (1987), G u o  a n d  Sw alve 
(1995) a n d  th e  m o d e l o f A li-B
T h e  o n ly  a s su m p tio n  th a t  w as fo u n d  to  b e  a  p ro b le m  w as t h a t  o f th e  e x p la n a ­
to ry  v a ria b le s  b e in g  in d e p e n d e n t in  every  case  (m u ltic o llin e a rity )  T h e  c o n d itio n  
in d e x  w as e x tre m e ly  h ig h  for th e  m o d e l o f A ll a n d  S chaeffer (1987), b u t  w h en  p a ­
ra m e te r  b w as rem o v ed  it  w as fo u n d  th a t  th e  re su lt in g  m o d e l (A li-B ) w as th e  m o st 
sa tis fa c to ry  in  t h a t  m u ltic o llin e a r ity  w as no  longer a  m a jo r  issue a n d  it sa tisfied  
all o f th e  re m a in in g  a s su m p tio n s  W h ile  th e re  w as s ti ll som e c o rre la tio n  b e tw een  
th e  e x p la n a to ry  v a ria b le s , th is  is in e v ita b le  (M a d d a la , 1992) T h e  A li-B  m o d e l also 
h a d  a  re la tiv e ly  g o o d  M S P E  value , a n d  it  w as co n c lu d e d  t h a t  it  w as n ec essa ry  to  
sacrifice  som e g o o d n ess-o f-fit to  e n su re  a d h e re n c e  to  reg ress io n  a s su m p tio n s  A h 
a n d  S chaeffer (1987) in c lu d e d  th e  b p a ra m e te r  a n d  th e  v a ria b le  a s so c ia te d  w ith  it 
(7 , w h ere  7  =  555) to  g ive a  b e t te r  fit to  th e  d a t a  H ow ever, th e y  fa iled  to  n o te  
t h a t  m u ltic o llin e a r ity  w as p re se n t a t  a n  u n a c c e p ta b le  level T h e  M S P E  value  for th e  
A li-B  m o d e l w as 520 93, w h ich  is s lig h tly  h ig h e r  th a n  th e  M S P E  v a lu e  of th e  o rig in a l 
m o d e l o f A h  a n d  S chaeffer (1987) b u t  th e  p ro b le m  o f m u ltic o llin e a r ity  am o n g  th e  
in d e p e n d e n t v a ria b le s  in f la tin g  th e  s ta n d a rd  e r ro rs  h a s  b e e n  re d u c e d
T h e  A li-B  m o d e l w as also  fo u n d  to  b e  th e  b e s t  m o d e l for d e sc r ib in g  to ta l  m ilk
6 3
y ie ld  A c c u ra te  p re d ic tio n  o f  to ta l  m ilk  y ie ld  w ill h e lp  to  im p ro v e  th e  a c c u ra c y  o f 
g en e tic  p re d ic tio n s  o f s ires a n d  d a m s  (O lo ri e t a l , 1999, K o o n a w o o tn t t r i ro n  e t  a l ,
2001) a n d  is o f b en e f it to  b io -ec o n o m is ts  (S h a llo o  e t  a l , 2004) T h e  A li-B  m o d e l 
e s t im a te d  to ta l  m ilk  y ie ld  to  w ith in  less th a n  tw o p e r  c e n t o f th e  a c tu a l m ilk  y ie ld  
H ow ever, th e  p re d ic tio n  o f to ta l  y ie ld  u s in g  th e  m o d e l o f A h a n d  Schaeffer (1987) 
d e v ia te d  fro m  a c tu a l  to ta l  m ilk  y ie ld  by  a lm o s t four p e r  ce n t
5 4 1 Examination of Parameter Estimates and the Effects of Lac­
tation Number, Breed and Feed
T h e  p a ra m e te r  e s tim a te s  w ere c a lc u la te d  for th e  A li-B  m o d e l for each  la c ta tio n  
g ro u p  A  one-w ay  a n a ly s is  o f v a ria n c e  (A N O V A ) w as th e n  p e rfo rm e d  to  in v e s tig a te  
if th e  p a ra m e te r  e s tim a te s  for each  la c ta tio n  c a te g o ry  w ere  s ig n ific an tly  d iffe ren t 
from  each  o th e r  O n e-w ay  A N O V A  avoids th e  T y p e  I e r ro r  in h e re n t in  p e rfo rm in g  
m u ltip le  t — tes ts , how ever th e  a s su m p tio n  of h o m o g e n e ity  o f v a ria n ce s  u n d e rlie s  
A N O V A  a n d  th e re fo re  n eed s to  b e  e x a m in e d  p r io r  to  p e rfo rm in g  th is  te c h n iq u e  
T h e  L ev en e  s ta t is t ic  (a  m e a su re  o f h o m o g e n e ity  o f v a ria n ce )  w as c a lc u la te d  (See 
T ab le  5 7), a n d  it  w as fo u n d  th a t  th e re  w as no  ev id en ce  to  su g g e st t h a t  th e  v a rian ces  
w ere  n o t e q u a l (p — values ra n g in g  from  0 284 to  0 454) for th e  p a ra m e te r  e s tim a te s  
T h u s , A N O V A  ca n  b e  c a rr ie d  o u t to  ex a m in e  if th e  p a ra m e te r  e s tim a te s  differ 
b e tw e e n  la c ta t io n  g ro u p s  a n d  if so, a  p o s t-h o c  te s t  a s su m in g  eq u a l v a ria n ce s  w ill 
show  w h ere  th e se  d iffe rences o c c u r  I t  can  b e  seen  from  T ab le  5 8 t h a t  w h en  u s in g
T a b le  5 7 T e s t of h o m o g e n e ity  o f v a ria n ce s  for th e  p a ra m e te r  e s tim a te s  
o f th e  A li-B  m o d e l fo r d iffe ren t la c ta t io n  c a te g o rie s
Param eter Estim ate Levene Statistic dfl* df2** p — value
a 0 81 2 28 0 454
c 1 19 2 28 0 319
d 0 95 2 28 0 399
e 1 3 2 2 28 0 284
d/1 =degrees of freedom between groups 
df 2 =degrees of freedom within groups
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T a b le  5 8 O ne-w ay  a n a ly s is  o f  v a r ia n c e  to  c o m p a re  th e  p a r a m e te r  e s t im a te s  o f  th e  A li-B  m o d e l fo r e a c h  la c ta t io n  g ro u p
P a r a m e t e r  E s t i m a t e S o u r c e d f S u m  o f  S q u a r e s M e a n  S q u a r e F  V a lu e p  — v a l u e
a B e tw ee n  G ro u p s 2 17713 48 8856 74 0 232 0 795
W ith m  G ro u p s 28 1069730 11 38204645
T o ta l 30 1087443 59
c B e tw ee n  G ro u p s 2 38811 14 19405 57 0 169 0 845
W ith in  G ro u p s 28 3212294 32 114724 80
T o ta l 30 3251105 46
d B e tw een  G ro u p s 2 54621 94 27310  97 0 610 0 550
W ith m  G ro u p s 28 1253733 83 44776 21
T o ta l 30 1308355 77
e B e tw ee n  G ro u p s 2 6690 29 3345 14 0 859 0 435
W ith m  G ro u p s 28 109098 76 3896 38
T o ta l 30 115789 05
A N O V A , i t  w as fo u n d  th a t  th e re  w as no  s ig n ifican t d iffe rence  b e tw e e n  th e  d iffe ren t 
la c ta tio n  g ro u p  c a te g o rie s  a n d  th u s  a  p o s t-h o c  te s t  w as u n n e c e s sa ry
A lth o u g h  it  w as fo u n d  m  C h a p te r  3 t h a t  la c ta t io n  n u m b e r  h a d  a  s ig n ifican t effect 
on  to ta l  m ilk  y ie ld , th is  s tu d y  show s th a t  h av in g  a d ju s te d  for ca lv in g  m o n th  a n d  
h e rd , th e  effect o f la c ta t io n  n u m b e r  is n o t s ig n ifican t am o n g  th e  p a ra m e te r  e s tim a te s  
for th e  A li-B  m o d e l T h is  m e a n s  t h a t  a  sing le  e q u a tio n  o f th e  A li-B  m o d e l is u sed  
to  d e s c r ib e  th e  sh a p e  o f a  la c ta tio n  cu rv e  ac ro ss  all la c ta tio n s
A s b re e d  a n d  feed w ere fo u n d  m  C h a p te r  3 to  b e  s ig n ific an t fa c to rs  a ffec tin g  to ta l  
m ilk  y ie ld , a  s im ila r  a n a ly s is  w as c o n d u c te d  on  th e  sh a p e  p a ra m e te r s  m  re la tio n  
to  th e se  fa c to rs  T h is  a n a ly s is  w as co n fin ed  to  th e  su b se ts  o f d a t a  w h ere  b re e d  
a n d  feed w ere specified  F irs tly , th e  p a ra m e te r  e s tim a te s  h av in g  b e e n  a d ju s te d  
for ca lv in g  m o n th , la c ta t io n  n u m b e r  a n d  h e rd  w ere c a lc u la te d  for each  b re e d , a n d  a  
te s t  for h o m o g e n e ity  o f v a ria n ce s  a n d  A N O V A  w ere p e rfo rm e d  T h e  L evene s ta t is t ic  
(T ab le  5 9) show ed  no  ev id en ce  th a t  th e  v a ria n ce s  w ere n o t eq u a l, a t  a  five p e r  ce n t 
s ign ificance  level, for th e  e s t im a te d  p a ra m e te rs  a , c a n d  d, b u t  th is  is n o t th e  case 
for p a ra m e te r  e A s th e  sa m p le  sizes o f th e  g ro u p s  a re  e q u a l m  th is  s tu d y  a  o n e ­
w ay A N O V A  is re a so n a b ly  ro b u s t  even  w h en  th e  a s su m p tio n  o f eq u a l v a rian ces  is 
v io la te d  (L eB lan c , 2004) I t  w as fo u n d  u s in g  A N O V A  (T a b le  5 10) t h a t  th e re  w as 
a  s ig n ifican t d iffe rence  b e tw e en  p a ra m e te r  c for th e  d iffe ren t b ree d s , a l th o u g h  n o t 
h ig h ly  s ig n ifican t (p  -  value =  0 042) T h e  D u n n e t t ’s T 3  p o s t-h o c  te s t  a s su m in g  
u n e q u a l v a ria n ce s  (w hich  keeps v ery  t ig h t  T y p e  I e r ro r  co n tro l (F ie ld , 2000)) w as
T ab le  5 9 T es t o f h o m o g e n e ity  o f v a ria n ce s  for th e  p a ra m e te r  e s tim a te s  o f th e  A li-B  
m o d e l for d iffe ren t b ree d s
P a r a m e t e r  E s t i m a t e L e v e n e  S t a t i s t i c d f l d f 2 p  — v a l u e
a 2 74 2 6 0 143
c 1 57 2 6 0 284
d 1 15 2 6 0 377
e 15 83 2 6 0 004
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T a b le  5 10 O n e-w ay  a n a ly s is  o f  v a r ia n c e  to  c o m p a re  th e  p a r a m e te r  e s t im a te s  o f  th e  A li-B  m o d e l fo r e a c h  b re e d
P a r a m e t e r  E s t i m a t e S o u r c e d f S u m  o f  S q u a r e s M e a n  S q u a r e F  V a l u e p  — v a l u e
a B e tw ee n  G ro u p s 2 1508 54 754 27 1 88 0 232
W ith m  G ro u p s 6 2403 01 400 50
T o ta l 8 3911 55
c B e tw ee n  G ro u p s 2 16119 76 8059 88 5 60 0 042
W ith m  G ro u p s 6 8633 04 1438 84
T o ta l 8 24752 80
d B e tw ee n  G ro u p s 2 5648 45 2824 23 3 53 0 097
W ith m  G ro u p s 6 4798 75 799 79
T o ta l 8 10447 21
e B e tw ee n  G ro u p s 2 532146 51 266073 26 1 03 0 421
W ith m  G ro u p s 6 1549556 93 258259 49
T o ta l 8 2081703 44
u sed  to  a n a ly se  th e se  d iffe rences m  m o re  d e ta il  T a b le  5 11 show s th a t  m  fac t 
th e  p a ra m e te r  e s tim a te s  do  n o t d iffer s ig n ifican tly  b e tw e e n  th e  b re e d s  A s th e  
a s su m p tio n  o f h o m o g e n e ity  o f v a ria n ce s  w as v io la te d , th e  re su lts  o f D u n n e t t ’s T 3  
te s t  a re  m o re  re liab le  th a n  th o se  o f A N O V A  S im ilarly , th e  p a ra m e te r  e s tim a te s  
w ere c a lc u la te d  for each  feed in g  reg im e o u tlin e d  m  C h a p te r  3 I t  w as fo u n d  th a t  
th e  v a ria n ce s  o f th e  p a ra m e te r  e s tim a te s  co u ld  b e  a s su m e d  eq u a l for each  feed ing  
reg im e  u s in g  L ev e n e ’s s ta t is t ic  a n d  th a t  th e re  w as no  s ig n ific an t d ifference b e tw e en  
th e  la c ta tio n  c a te g o rie s  for each  p a ra m e te r  e s t im a te  (T a b le  5 12)
5.5 Application of Proposed Model
O v era ll, th e  re su lts  show  th a t  a  m o d ified  v ers io n  o f th e  m o d e l o f A h a n d  S chaeffer 
(1987) (A li-B ) b e s t  m e e ts  th e  c r i te r ia  of p re d ic tin g  th e  w eekly  y ie ld s o f in d iv id u a l 
cow s T h e  A li-B  m o d e l is a  p o ly n o m ia l reg ressio n  m o d e l o f th e  fo llow ing fo rm
Yn =  a  +  C72 +  dw +  euj2 +  e (5 5 1)
w h ere  Yn is th e  y ie ld  in  la c ta tio n  w eek n , 7  =  u  = l n ^ ,  e is th e  re s id u a l 
a n d  a , c, d a n d  e a re  th e  reg ressio n  coeffic ien ts T h e  re su lt in g  e q u a tio n  fo u n d  for 
th is  p a r t ic u la r  m o d e l, as  th e re  is no  s ig n ifican t d iffe rence b e tw e e n  th e  p a ra m e te r  
e s tim a te s  for la c ta tio n  n u m b e r, b re e d  o r feed, is as  follow s
Kn =  121 83 - 5 2  467 2 + 7 1  06w - 1 8  94a;2
(5 5 2)
(19 04) (26 71) (1 56) (2 05)
w h ere  th e  va lues m  b ra c k e ts  a re  th e  s ta n d a r d  e rro rs  o f th e  p a ra m e te r  e s tim a te s  
T h e  A li-B  m o d e l h a s  b e e n  fo u n d  to  b e  th e  m o s t ro b u s t  sing le  e q u a tio n  m o d e l in  
th is  s tu d y  I t  is a  sing le  e q u a tio n  m o d e l a n d  its  im p le m e n ta tio n  w ou ld  b e  re la tiv e ly
s im p le  w h en  c o m p a re d  to  th e  S L A C  m e th o d  th a t  is c u r re n tly  b e in g  u sed  for p re -
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Table 5 11 D unnett’s T3 post-hoc test to find where the differences occur between lactations for each param eter estimate of the
Ali-B model
P a r a m e t e r  E s t i m a t e B r e e d  ( i ) B r e e d  ( j ) p  — v a l u e
a H o ls te in -F r ie s ia n M o n te b e l ia rd e 0 687
H o ls te in -F r ie s ia n N o rm a n d e 0 126
M o n te b e l ia rd e N o rm a n d e 0 873
c H o ls te in -F r ie s ia n M o n te b e l ia rd e 0 286
H o ls te in -  F h e s ia n N o rm a n d e 0 159
M o n te b e l ia rd e N o rm a n d e 0 566
d H o ls te in -F r ie s ia n M o n te b e l ia rd e 0 478
H o ls te m -F rie s ia n N o rm a n d e 0 186
M o n te b e l ia rd e N o rm a n d e 0 667
e H o ls te m -F r ie s ia n M o n te b e l ia rd e 0 716
H o ls te in -F r ie s ia n N o rm a n d e 0 712
M o n te b e l ia rd e N o rm a n d e 0 661
T a b le  5 12 O n e-w ay  an a ly sis  o f v a r ia n c e  to  c o m p a re  th e  p a r a m e te r  e s t im a te s  o f  th e  A li-B  m o d e l fo r e a c h  fee d in g  reg im e
Parameter Estim ate Source d f Sum of Squares M ean Square F Value p — value
a B e tw een  G ro u p s 2 729 17 364 59 0 763 0 507
W ith in  G ro u p s 6 2867 33 477  89
T o ta l 8 3596 51
c B e tw een  G ro u p s 2 479 89 239 94 0 659 0 551
W ith m  G ro u p s 6 2185 86 364 31
T o ta l 8 2665 75
/
d B e tw een  G ro u p s 2 496 95 248 47 0 115 0 894
W ith in  G ro u p s 6 13012 59 2168 77
T o ta l 8 13509 54
e B e tw een  G ro u p s 2 22 23 11 12 0 111 0 896
W ith m  G ro u p s 6 598 21 99 70
T o ta l 8 620 44
d ic tio n  p u rp o se s  m  Ire la n d  H ow ever, w h ile  th e  p a ra m e te r s  o f th e  m o d e l o f W ood  
(1967) a re  b io log ica lly  in te rp re ta b le , th o se  o f th e  A li-B  m o d e l a re  n o t, as  it  is a  
p o ly n o m ia l e q u a tio n , b u t  th is  d o es n o t  n e g a te  its  p ro fic ien cy  a n d  u se fu ln ess  I t  is 
a lso  co n c lu d e d  th a t  th e  A li-B  m o d e l is th e  b e s t  m o d e l for p re d ic tin g  w eekly  m ilk  
y ie ld  a n d  i t  ca n  a lso  b e  easily  u sed  to  c re a te  th e  se aso n a l p ro d u c tio n  ta b le  for use 
b y  b io -ec o n o m ists
5 5 1 Derivation of Seasonal Effects and Production Pattern Table
H av in g  d e te rm in e d  th e  in h e re n t sh a p e  o f th e  la c ta t io n  cu rv e  for a n  an im a l u s in g  th e  
A li-B  m o d e l it  w as n ec essa ry  to  an a ly se  th e m  for e n v iro n m e n ta l effects, reg a rd le ss  
of s ta g e  o f la c ta t io n  T h e  d e v ia tio n s  re su lt in g  from  c o m p a r in g  th is  m o d e l w ith  
th e  a c tu a l d a ta ,  fro m  b o th  d a ta s e ts ,  w ere c u m u la te d  for each  m o n th  o f th e  year, 
a n d  th e  m e a n  o f th e  d e v ia tio n s  for each  m o n th  w as c o m p u te d  T h is  w as u sed  to  
e s t im a te  th e  effect o f som e e n v iro n m e n ta l fa c to rs  on  a  se aso n a l b as is  T h e  seaso n a l 
effects w ere th e n  av e rag ed  over sev era l seaso n s from  1995 to  2002 to  ta k e  a c c o u n t o f 
p o ss ib le  y e a r- to -y e a r  v a r ia tio n s  To c o m p u te  th e  p e rc e n ta g e  o f th e  to ta l  la c ta tio n  
y ie ld  in  each  m o n th  th ro u g h o u t  la c ta tio n , th e  y ie ld  p re d ic te d  by th e  chosen  m o d e l 
w as a d ju s te d  by  th e se  se aso n a l effects T ab le  5 13 show s th e  in c re m e n ta l ch an g e  for 
th e se  seaso n a l effects w h ich  sh o u ld  b e  a d d e d  to  th e  p ro d u c tio n  effects g iven by  th e  
A li-B  m o d e l, in d e p e n d e n t o f s ta g e  o f la c ta tio n  In  M ay, fo r ex a m p le , th e  A li-B  m o d e l 
u n d e re s t im a te s  th e  a c tu a l m ilk  y ie ld  by  a lm o s t n in e  p e r  ce n t, d u e  to  e n v iro n m e n ta l 
effects In  D ec em b e r, on  th e  o th e r  h a n d , th e  A li-B  m o d e l o v e re s tim a te s  m ilk  y ie ld  
by  over e ig h t p e r  c e n t I t  is ev id e n t t h a t  in  th e  su m m e r  m o n th s  th e re  is a  p o s itiv e  
b o o s t  to  m ilk  p ro d u c tio n  w h ile  in  th e  w in te r  m o n th s  m ilk  p ro d u c tio n  is d ep re sse d  
below  its  e x p e c te d  level T h is  t r e n d  is s im ila r  to  th e  fin d in g s o f K illen  a n d  K ea n e  
(1978) b u t  th e se  effects a re  m o re  e x tre m e  th a n  th o se  r e p o r te d  by  W ood  (1969), 
w h ich  w ou ld  b e  e x p e c te d  b e a r in g  m  m in d  th a t  feed in g  reg im es v a ry  less th ro u g h o u t 
th e  y ea r  m  th e  U K  th a n  m  I re la n d
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Table 5 13 Seasonal deviations on the Ali-B model, independent of stage of lactation
M o n t h M i l k  Y ie l d  
( % )
J a n u a r y -4 5
F e b ru a ry -6 9
M a rc h 1 4
A p ril 5 9
M ay 8 9
J u n e 7 0
J u ly 8 0
A u g u s t 3 3
S e p te m b e r -0 6
O c to b e r -2 2
N o v em b er -6 8
D ecem b er -8 6
Source Q u in n  e t al (2005a)
To c o m p u te  th e  p e rc e n ta g e  o f th e  to ta l  la c ta t io n  y ie ld  m  each  m o n th  th ro u g h o u t 
la c ta tio n , th e se  se aso n a l effects w ere a d d e d  to  th e  b e s t sing le  e q u a tio n  m o d e l (A h- 
B ) A n ex a m p le  o f a  p ro d u c tio n  p ro file  for a  cow  ca lv m g  on  th e  1 5 th  d ay  o f each  
m o n th  is sh o w n  in  T ab le  5 14 A  cow  ca lv m g  in  m id  M ay, for ex a m p le , w ill p ro d u c e  
on  av erag e  a p p ro x im a te ly  five p e r  c e n t o f h e r  to ta l  m ilk  y ie ld  m  M ay, 14 p e r  ce n t 
o f h e r  to ta l  m ilk  y ie ld  m  Ju n e , 14 p e r  c e n t in  J u ly  a n d  so on
T h ere fo re , to  c a lc u la te  m ilk  p ro d u c tio n  for a  p a r t ic u la r  a n im a l for each  p ro d u c ­
tio n  m o n th , th e  A li-B  m o d e l is u se d  to  c a lc u la te  th e  m o n th ly  p o te n tia l  y ie ld , th is  is 
th e n  a d ju s te d  by  th e  seaso n a l effect in  a  p a r t ic u la r  m o n th , as g iven  in  T ab le  5 13
5 6 Conclusions
I t  h a s  b ee n  p o ss ib le  to  a rr iv e  a t  a  sing le, w e ll-fittin g , a n d  ro b u s t  m o d e l to  re p re ­
se n t th e  sh a p e  o f th e  la c ta tio n  cu rv e  in  I r ish  d a iry  h e rd s  A  n u m b e r  o f p rev io u sly  
d e riv e d  m o d e ls  w ere e x a m in e d  a n d  a  m o d ified  vers io n  o f  th e  m o d e l o f A h  a n d  Scha-
72
T a b le  5 14 A n  e x a m p le  o f  a  p ro d u c tio n  p a t t e r n  p ro file  fo r a  cow  ca lv m g  on  th e  1 5 th  d a y  o f  ea ch  m o n th  sh o w in g  th e  p e rc e n ta g e  
o f  m ilk  y ie ld  su p p le d  m  each  p ro d u c t io n  m o n th
C a l v i n g  M o n t h
J a n F e b M a r A p r M a y J u n e J u l y A u g S e p t O c t N o v D e c
J a n 4 0 2 1 5 9 7 1 8 3 9 4 10 5 11 5 12 3 12 9 12 6
¿3 F e b 1 1 4 3 2 2 0 5 3 6 4 7 4 8 4 9 3 10 1 10 8 11 2
-4-5
C M a r 13 4 13 1 4 6 2 6 6 5 7 7 9 0 10 1 11 1 12 1 12 8
0 A p r 12 8 13 5 13 4 4 4 2 8 6 6 7 9 9 1 10 2 11 2 12 0
£ M a y 12 7 13 6 14 3 14 3 5 1 2 9 7 0 8 4 9 6 10 7 11 7
O J u n e 11 0 12 0 12 9 13 7 13 8 4 6 2 8 6 7 7 9 9 0 10 0
o3 J u l y 10 4 11 5 12 5 13 6 14 5 14 6 5 1 3 1 6 9 8 2 9 3
o A u g 8 8 9 9 10 9 12 0 13 1 14 0 14 1 4 9 2 7 6 5 7 7
u 
P-i S e p t 7 1 8 2 9 1 10 2 11 3 12 4 13 2 13 2 4 3 2 6 6 0
O c t 6 1 7 2 8 2 9 4 10 5 11 7 12 7 13 5 13 3 4 6 2 5
N o v 2 4 5 6 6 5 7 7 8 8 9 8 10 8 10 7 12 4 12 2 4 0
D e c 2 5 5 6 6 7 7 9 9 0 10 0 11 0 11 9 12 4 12 2 4 2
100 0 100 0 100 0 100 0 100 0 100 0 100 0 100 0 100 0 100 0 100 0 100 0
Source Q u in n  e t  a l (2005a)
effer (1987), d e n o te d  A li-B , w as fo u n d  to  b e  th e  m o s t sa tis fa c to ry , on  th e  b as is  
of its  M ean  S q u a re  P re d ic t io n  E rro r  v a lu e  a n d  its  a b ility  to  s a tis fy  th e  u n d e r ly in g  
a s su m p tio n s  o f reg ressio n  a n a ly s is  p ro c e d u re s  A lth o u g h  la c ta t io n  n u m b e r, b ree d  
a n d  feed w ere fo u n d  to  b e  s ig n ifican t in  ex p la in in g  to ta l  m ilk  y ie ld  (C h a p te r  3), 
th e  va lues o f th e  e s tim a te s  o f th e  p a ra m e te rs  w h ich  d e sc r ib e  th e  sh a p e  o f th e  A li-B  
fu n c tio n , u s in g  o ne-w ay  A N O V A , w ere fo u n d  to  b e  n o t  s ig n ifican tly  d iffe ren t from  
each  o th e r  b e tw e e n  th e se  g ro u p s  T h e  A li-B  m o d e l is a  re la tiv e ly  s im p le  m o d e l 
to  im p le m e n t in  p ra c tic e  w h en  c o m p a re d  to  th e  S L A C  m e th o d  w h ich  is c u r re n tly  
in  use m  I re la n d  I t  h a s  fo u r p a ra m e te rs  a n d  ca n  b e  f it te d  to  an y  d a ta s e t  u s in g  
n o n -lin e a r  reg ress io n  p ro c e d u re s  W h e n  u s in g  th is  m o d e l to  p re d ic t th e  m ilk  y ie ld  
for a  specific  cow , a d ju s tm e n ts  a re  m a d e  to  ac c o u n t for v a r ia tio n  a t t r ib u ta b le  to  
seaso n a l effects on  p ro d u c tio n , free of s ta g e  o f la c ta tio n  effects T h e se  effects m ay  
v a ry  fro m  reg ion  to  reg ion  ac c o u n tin g  for v a r ia tio n  m  fa c to rs  su ch  as c lim a te , soil 
q u a lity  a n d  e n v iro n m e n t T h is  m o d e l is also  su ita b le  for u se  by  b io -ec o n o m ists  w ho  
a re  c o n s ta n t ly  u p d a t in g  a n d  re -c re a tin g  th e  p a ra m e te rs  for d iffe ren t scen a rio s  In  
co n c lu sio n , th e  A li-B  m o d e l is th e  m o s t s a tis fa c to ry  m o d e l in  th e  I r ish  c o n te x t a n d  
it  ca n  b e  easily  u p d a te d  for d iffe ren t reg io n a l effects
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C h a p t e r  6
M o d e l l i n g  t h e  Fa t  a n d  
P r o t e i n  C o n t e n t  in  M ilk_______
6 1 Introduction
T h e  c o n c e n tra tio n  o f fa t o r p ro te in  in  th e  m ilk  p ro d u c e d  d u r in g  a  la c ta t io n  ca n  b e  
re p re se n te d  by  a  cu rve , th e  sh a p e  o f w h ich  n o rm a lly  m ir ro rs  a  s im ila r  cu rv e  d e p ic tin g  
m ilk  y ie ld  (P u lin a , 1990), th e  c o n c e n tra tio n  o f fa t a n d  p ro te in  in  m ilk  te n d s  to  
d ec rease  ra p id ly  a t  th e  s t a r t  o f th e  la c ta tio n , a n d  a f te r  fa lling  to  th e  m in im u m  
p o in t,  in c reases  slow ly u n til  th e  la c ta t io n  is co m p le te d  (W ood , 1976) T y p ic a l fa t 
a n d  p ro te in  c o n te n t cu rv es  a re  show n  m  F ig u re  6 1 T h e  low est p o in t  on  th e  fa t 
c o n te n t cu rv e  lags a p p ro x im a te ly  th re e  w eeks b e h in d  p e a k  m ilk  y ie ld  b u t  m  th e  case 
o f p ro te in  c o n c e n tra tio n , it  reach es  its  low est p o in t  a t  a p p ro x im a te ly  th e  sa m e  tim e  
as th e  p e a k  m  m ilk  y ie ld  (S ch ü tz  e t al , 1990, S ta n to n  e t al , 1992)
A lg eb ra ic  m o d e ls  ex p la in in g  p ro d u c tio n  levels o f th e  c o n s ti tu e n ts  m  m ilk  have 
m a n y  uses m  fa rm  m a n a g e m e n t a n d  in  econom ic  p la n n in g  a t  fa rm  level F a rm  
m o d e ls  w h ich  ca n  b e  u sed  for c o m p o n e n t, sy s te m  a n d  m a n a g e m e n t re se a rch  re q u ire  
a c c u ra te  d a t a  from  a  v a r ie ty  o f so u rces T h e  su b -m o d e ls  u sed  w ith in  a  fa rm  sy s tem  
m o d e l n eed  to  b e  as a c c u ra te  as p o ss ib le  m  o rd e r  for t ru s tw o r th y  fa rm  m o d e ls  
to  b e  d ev e lo p ed  T h e  M o o re p a rk  D a iry  S y s tem s  M o d e l (M D S M ) (S h a llo o  e t al ,
7 5
1 5 9 13 17 21 25 29 33 37 41
L a c ta tio n  W e e k
■Protein % Fat%
F ig u re  6 1 T y p ic a l fa t a n d  p ro te in  c o n te n t cu rv es
2004) is a  fa rm  s im u la tio n  m o d e l w h ich  re q u ire s  a c c u ra te  d e sc r ip tio n s  o f th e  fa t a n d  
p ro te in  p ro files of I r is h  cow s A t p re se n t in  I re la n d  th e  p re fe rre d  m e th o d o lo g y  to  
p ro je c t  p a r t ia l  la c ta t io n  reco rd s , for m ilk  y ie ld  a n d  its  c o n s ti tu e n ts ,  is th e  S L A C  
(S ta n d a r d  L a c ta t io n  C u rv e ) m e th o d  o f O lo ri a n d  G a le s lo o t (1999) T h is  is a  m e th o d  
o f in te rp o la tio n  c o n s is tin g  of a  l ib ra ry  o f 2,160 e q u a tio n s  for each  c o n s ti tu e n t ,  from  
w h ich  th e  m o s t a p p ro p r ia te  e q u a tio n  is chosen  T h e  S L A C  m e th o d  is c u r re n tly  
in c o rp o ra te d  in to  th e  M o o re p a rk  D a iry  S y stem s M o d e l (M D S M ), b u t  th e  m o d e l is 
p re se n tly  re s tr ic te d  to  sp rm g -ca lv m g  cow s T h e  S L A C  m e th o d  p ro je c ts  w eekly  fa t 
a n d  p ro te in  y ie ld , m o s t o f w hich  is e x p la in e d  s im p ly  by  th e  v o lu m e o f m ilk  p ro d u c e d  
I t  w ou ld  b e  o f g re a t  b en e f it to  d a iry  sc ie n tis ts  if  a  sing le  e q u a tio n  m o d e l co u ld  e x p la in  
as  m uch  o f th e  v a r ia tio n  m  fa t a n d  p ro te in  c o n te n t as th e  2,160 e q u a tio n s  p ro p o se d  
by  O lo n  a n d  G a le s lo o t (1999) R e c e n t re se a rch  h a s  a lso  fo cu sed  on  u s in g  m ilk  
c o n s ti tu e n ts  to  p re d ic t e n e rg y  b a la n c e  a n d  fe r tili ty  in  h ig h  y ie ld in g  cow s (H e u er 
e t  a l , 1999, D e V ries a n d  V eerkam p , 2000, R e k sen  e t a l , 2002, B u ck ley  e t al , 2003) 
w h ere  m ilk  p ro te in  c o n te n t o r m ilk  p ro te in  fa t r a t io  a re  o ften  u sed  as in d ic a to rs  of 
en e rg y  b a la n c e  (F u lk e rso n  e t a l , 2001) T h e  a b ility  to  a c c u ra te ly  p re d ic t  b o th  th e
fa t a n d  p ro te in  c o n te n t m  m ilk  is th e re fo re  a lso  p e r t in e n t  to  fe r ti l i ty  s tu d ie s
T h is  s tu d y  in v e s tig a te s  a  n u m b e r  o f e m p irica l a lg e b ra ic  m o d e ls  a n d  p ro p o ses  a  
m o d e l t h a t  involves u s in g  few er e q u a tio n s , c o m p a re d  w ith  th e  S L A C  m e th o d , to  
p re d ic t th e  fa t a n d  p ro te in  c o n c e n tra tio n  o f m ilk  W h ile  so m e s tu d ie s  have  an a ly se d  
fa t a n d  p ro te in  y ie ld  (W ilm in k , 1987, S ta n to n  e t a l , 1992, G o n za lo  e t a l , 1994, 
S chaeffer a n d  J a m ro z ik , 1996, Ja m ro z ik  a n d  Schaeffer, 1997, O lo ri a n d  G ales lo o t, 
1999, G a rc ia  a n d  H o lm es, 2001, V asconcelos e t al , 2002) o th e rs  have  ex a m in e d  th e  
fa t a n d  p ro te in  c o n te n t ( i e f a t  o r p ro te in  p e rc e n ta g e )  o f m ilk  (W ood , 1967, K illen  
a n d  K ea n e , 1978, C ro sse  e t  al , 1988, S ta n to n  e t  al , 1992) T h e  q u a lity  of m ilk  
is b e t te r  e x p la in e d  by  th e  fa t a n d  p ro te in  c o n te n t th a n  th e  fa t a n d  p ro te in  y ie ld  
T h u s , th is  c h a p te r  m o d e ls  th e  fa t a n d  p ro te in  c o n te n t o f m ilk  for th e  f irs t t im e  in 
I re la n d  since th e  s tu d y  o f C ro sse  e t a l (1988)
A s in  th e  case  o f m o d e llin g  m ilk  y ie ld , th e  w o rk  o f W o o d  (1967) p ro v id es  th e  
s ta r t in g  p o in t  for m a n y  s tu d ie s  invo lv ing  e m p irica l a lg e b ra ic  e q u a tio n s  for re p re ­
se n tin g  th e  fa t a n d  p ro te in  c o n te n t cu rves
Yn =  an~bem  (6 1 1)
w h ere  Yn is th e  fa t o r p ro te in  c o n c e n tra tio n  o f m ilk  p ro d u c e d  in  w eek n  o f la c ta ­
t io n , a  is a  sca ling  fa c to r  a s so c ia te d  w ith  th e  av erag e  fa t o r p ro te in  c o n c e n tra tio n , 
b is re la te d  to  p re - tro u g h  c u rv a tu re  a n d  c to  p o s t- tro u g h  c u rv a tu re  S evera l s tu d ­
ies (C o b b y  a n d  Le D u , 1978, D h a n o a , 1981, R o w la n d s  e t a l , 1982, A h a n d  S chaeffer, 
1987, G u o  a n d  Sw alve, 1995) have  fo u n d  a  p o o r  fit to  d a t a  on  m ilk  y ie ld  a n d  its  
c o n s ti tu e n ts  w h en  u s in g  th is  m ode l, th is  p o o r  fit m ay, m  som e in s ta n c e s , b e  d u e  
to  e n v iro n m e n ta l fa c to rs  su ch  a s  feed, w e a th e r  a n d  p re g n a n c y  s ta tu s  T h e  m o d e l 
o f W o o d  (1967) is, how ever, s ti ll c o n s id e red  by  m a n y  to  b e  a  b as ic  re feren ce  for 
re se a rc h  in  th e  e v o lu tio n  o f la c ta tio n  p e r fo rm a n c e  o f liv esto ck  (V a ro n a  e t a l , 1998) 
C h a p te r  5 fo u n d  th a t  ex a m in in g  th e  re s id u a ls  o f reg ress io n  a n a ly s is  w as b en e fic ia l
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in  o rd e r  to  a rr iv e  a t  a  w ell-fittin g  ro b u s t  cu rv e  a n d  th e re fo re  th e  re s id u a ls  o f th e  
reg ressio n  a n a ly s is  a re  e x a m in e d  in  th is  c h a p te r  w h en  f itt in g  m o d e ls  to  fa t a n d  
p ro te in  c o n te n t F in a lly , th e  effect o f e n v iro n m e n ta l a n d  se aso n a l fa c to rs , su ch  as 
w e a th e r  c o n d itio n s , g ra ss  q u a lity , e tc  free o f s ta g e  o f la c ta tio n  effect, a re  also 
ex a m in e d
6 2 Data
T h e  d a t a  u sed  m  th is  s tu d y  c o n s is te d  o f a  to ta l  o f 15,927 la c ta tio n s  from  tw o  se ts  of 
d a t a  as  d e sc r ib e d  in  C h a p te r  3 D a ta s e t  1 co m p rised  1,729 la c ta t io n s  o f w eekly  te s t  
d ay  y ie ld s from  six  e x p e r im e n ta l h e rd s  a t ta c h e d  to  T eag asc  D a ta s e t  2 co m p rised  
14,198 la c ta tio n s  o f m o n th ly  te s t  d ay  re c o rd in g s  from  79 co m m erc ia l sp rin g -c a lv in g  
d a iry  h e rd s  R e c o rd s  w ith  few er th a n  five re c o rd in g s  w ere d e le te d  from  D a ta s e t  2 
a n d  la c ta tio n s  o f  less th a n  25 w eeks d u ra tio n  w ere rem o v ed  from  D a ta s e t  1 A fte r  
e d itin g , D a ta s e ts  1 a n d  2 c o m p rised  1,727 a n d  13,229 la c ta t io n s  re sp e c tiv e ly  a n d  th e y  
w ere a m a lg a m a te d  for th e  a n a ly s is  A b n o rm a l fa t a n d  p ro te in  c o n te n t re c o rd in g s  
w ere th e n  rem o v ed  u s in g  th e  m e th o d  d e sc r ib e d  in  C h a p te r  4 A fte r  rem o v in g  th e  
a b n o rm a l rec o rd in g s , th e  c o m b in ed  d a ta s e t  c o n s is te d  o f  156,365 re c o rd in g s  from  
14,952 la c ta tio n s
6 3 Models and Statistical Analysis
S om e o f th e  m o d e ls  t h a t  w ere te s te d  in  C h a p te r  5 in  re la tio n  to  m ilk  y ie ld  ca n  b e  
c o n s id e red  for a n a ly s in g  fa t a n d  p ro te in  c o n te n t H ow ever th e  m o d e l o f A h a n d  
S chaeffer (1987) a n d  th e  A h-B  m o d e l (C h a p te r  5) a re  n o t  a p p ro p r ia te  for m o d e llin g  
fa t a n d  p ro te in  c o n te n t cu rv es as th e y  a re  b a se d  on  p o ly n o m ia l e x p re ss io n s  t h a t  
keep  th e ir  concave sh a p e  T h e  m o d e ls  t h a t  w ere  te s te d  m  th is  c h a p te r  w ere th o se  
o f W o o d  (1967), W ilm m k  (1987) a n d  G u o  a n d  Sw alve (1995) T h e  m o d e l o f W o o d  
(1967) w as te s te d  m  th re e  d iffe ren t fo rm s, as  d isc u sse d  m  C h a p te r  2 m  n o n lin e a r
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fo rm , lin e a r  fo rm  (m  w h ich  W o o d ’s e q u a tio n  is lin e a rise d  by  ta k in g  th e  n a tu ra l  
lo g a ri th m  o f each  s id e  o f th e  e q u a tio n ) , a n d  w eig h ted  lin e a r  fo rm  (in  w h ich  th e  
lo g a ri th m  o f th e  fa t o r p ro te in  c o n te n t is w eig h ted  p ro p o r tio n a lly  to  th e  sq u a re  of 
th e  fa t o r  p ro te in  c o n te n t, as  a p p ro p r ia te )  W h e n  e x a m in in g  th e  m o d e l o f W ilm in k  
(1987), i t  w as fo u n d  th a t  th e  va lue  of th e  p a ra m e te r  k w as c o n s is te n t (w ith  a  va lue  o f 
0 10) over la c ta tio n  n u m b e r, ca lv m g  m o n th  a n d  h e rd  effect for b o th  fa t a n d  p ro te in  
c o n te n t I t  w as fo u n d , a f te r  c a r ry in g  o u t a n  in it ia l a n a ly s is  of v a ria n c e  (C h a p te r  3) 
s im ila r  to  t h a t  o f C u n n in g h a m  (1972), t h a t  ca lv m g  m o n th , h e rd , b re e d  a n d  feed h a d  
a  s ig n ific an t effect on  th e  av erag e  fa t c o n te n t o f m ilk  w h ile  ca lv m g  m o n th , la c ta t io n  
n u m b e r, h e rd , b re e d  a n d  feed h a d  a  s ig n ifican t effect on  th e  p ro te in  c o n te n t of m ilk  
a n d  th e re fo re  th e  effect o f th e se  fa c to rs  h a d  to  b e  c o n s id e red  w h en  p e rfo rm in g  th is  
reg ressio n  an a ly s is
6 3 1 G oodness-of-Fit
T h e  M e an  S q u a re  P re d ic t io n  E rro r  (M S P E ) w as u se d  as  a  m e a su re  o f goodness-o f- 
fit, as o u tlin e d  by  K v an li e t  al (1986) a n d  th e  a n a ly s is  o f re s id u a ls  w as p e rfo rm e d  in 
th e  m a n n e r  o u tlin e d  m  C h a p te r  5 (S ec tio n  5 3 2) T h e  M S P E  values  a re  p re se n te d  
in  T ab le  6 1, th e y  ra n g e  fro m  0 221 to  0 233 for th e  m o d e ls  w h en  f itte d  to  fa t c o n te n t 
d a t a  a n d  th e y  a re  0 054 o r 0 055 w h en  f itte d  to  p ro te in  c o n te n t d a t a  I t  c a n  b e  seen  
in  T ab le  6 1 t h a t  th e re  w as no  s ig n ifican t d iffe rence  b e tw e en  th e  M S P E  values for 
each  m o d e l m  f it t in g  fa t a n d  p ro te in  c o n te n t d a t a
T ab le  6 1 G o o d n ess-o f-fit s ta t is t ic s  o f e x p e c te d  cu rv es for fa t a n d  p ro te in  c o n te n t
M o d e l F a t  C o n t e n t  
M S P E  v a l u e
P r o t e i n  C o n t e n t  
M S P E  v a l u e
W o o d  (L in ea r  F o rm ) 0 224 0 055
W o o d  (W eig h ted  L in e a r  F o rm ) 0 233 0 054
W o o d  (N o n lin ea r  F o rm ) 0 222 0 054
W ilm m k 0 221 0 055
G u o  a n d  Sw aive 0 222 0 054
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T h e  D u rb in -W a ts o n  s ta t is t ic  w as c a lc u la te d  for each  m o d e l to  te s t  for a u to c o r re la ­
tio n  o f e r ro r  te rm s , w h ile  W h i te ’s te s t  w as u sed  to  ex a m in e  th e  h o m o sk e d as tic ity  
a s su m p tio n  A c o n d itio n  in d e x  w as c a lc u la te d  to  te s t  for m u lt ic o lh n e a rity  am o n g  
e x p la n a to ry  v a ria b le s  (B elsley  e t  a l , 1980), w h ile  n o rm a lity  o f th e  d is tr ib u t io n  of 
th e  e r ro r  te rm s  w as ex a m in e d  u s in g  th e  K o lm o g o ro v -S m irn o v  te s t  to g e th e r  w ith  
m e a su re s  o f k u r to s is  a n d  skew ness
T h e  re s u lts  o f th e  a n a ly s is  o f th e  re s id u a ls  a re  show n  in  T ab le s  6 2 (for fa t 
c o n te n t)  a n d  6 3 (for p ro te in  c o n te n t)  I t  ca n  b e  seen  t h a t  th e re  w as no  firs t 
o rd e r  a u to c o r re la t io n  p re se n t in  an y  o f th e  m o d e ls  a n a ly se d , for e i th e r  fa t o r p ro te in  
c o n te n t, as  th e  D u rb in -W a ts o n  s ta t is t ic ,  d , w as fo u n d  to  b e  b e tw e en  du a n d  4 -  
du (w h ere  du is th e  u p p e r  c r itic a l b o u n d  as  o u tlin e d  by  M e n d o z a  (1999)) A lso 
W h i te ’s T e s t (S en  a n d  S n v a s ta v a , 1990) w as n o n -s ig n if ic an t (p > 0 05) for all m ode ls  
in d ic a tin g  th a t  th e  h o m o sk e d a s tic ity  a s su m p tio n  w as sa tisfied
E x a m in a tio n  o f th e  m u lt ic o lh n e a rity  d ia g n o s tic s  w h en  f i t t in g  th e  m ode l o f G u o  
a n d  Sw alve (1995) to  th e  fa t a n d  p ro te in  c o n te n t d a t a  rev ea led  th a t  m o d e ra te  to  
s tro n g  m u ltic o lh n e a rity  w as p re se n t, in d ic a te d  by  c o n d itio n  in d e x  values o f 89 6 a n d  
87 0, re sp e c tiv e ly  (A  c o n d itio n  in d e x  v a lu e  o f b e tw e en  30 a n d  100 in d ic a te s  th e  
p resen ce  of m o d e ra te  to  s tro n g  m u ltic o lh n e a rity  (B elsley  e t  a l , 1980)) F or f it t in g  
th e  m o d e l o f W o o d  (1967), m  its  th re e  fo rm s, th e re  w as m o d e ra te  m u ltic o lh n e a rity  
p re se n t, w ith  c o n d itio n  in d e x  va lues  o f a p p ro x im a te ly  45 for b o th  fa t a n d  p ro te in  
c o n te n t T h e  b e s t  c o n d itio n  in d e x  v a lu e  w as a sso c ia te d  w ith  th e  m o d e l o f W ilm in k  
(1987), w h ich  h a d  a  w eak  p re se n ce  o f m u ltic o lh n e a rity  w h en  f itte d  to  e i th e r  fa t o r 
p ro te in  c o n te n t d a t a
T h e  a s s u m p tio n  o f n o rm a lity  w as n o t v io la te d  e i th e r  as  in d ic a te d  by  th e  
K o lm o g o ro v -S m irn o v  te s t  s ta t is t ic  values (0 10 to  0 11) ac ro ss  a ll o f th e  m o d e ls  
K u rto s is  v a ried  b e tw e en  0 77 a n d  0 99 for th e  re s id u a ls  re la te d  to  th e  fa t c o n te n t 
m o d e ls  a n d  b e tw e en  0 58 a n d  1 32 for th o se  re la te d  to  th e  p ro te in  c o n te n t m o d e ls
6 3 2 Analysis o f Residuals
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Table 6 2 Comparison of models for fat content
T e s t W o o d  
( L i n e a r  F o r m )
W o o d
( W e i g h t e d  L i n e a r  F o r m )
W o o d  
( N o n l i n e a r  F o r m )
W i l m i n k G u o  a n d  S w a lv e
H2 0 28 0 30 0 29 0 29 0 29
A u to c o r re la t io n N one N o n e N o n e N o n e N o n e
M u ltic o lh n e a r ity M o d e ra te M o d e ra te M o d e ra te W eak M o d e ra te  - S tro n g
(C o n d it io n  In d ex ) (45 5) (46 5) (46 0) (18 7) (89 6)
H e te ro sk e d a s tic ity N one N o n e N o n e N o n e N o n e
N o rm a li ty N o rm a l N o rm a l N o rm a l N o rm a l N o rm a l
K u r to s is 0 92 0 99 0 81 0 77 0 80
S k ew n ess -0 28 -0 38 0 08 0 06 0 09
Table 6 3 Comparison of models for protein content
T e s t W o o d  
( L i n e a r  F o r m )
W o o d
( W e i g h t e d  L i n e a r  F o r m )
W o o d  
( N o n l i n e a r  F o r m )
W i l m i n k G u o  a n d  S w a lv e
0 41 0 41 0 40 0 39 0 41
A u to c o r re la tio n N one N o n e N o n e N o n e N o n e
M u lt ic o lh n e a r ity M o d e ra te M o d e ra te M o d e ra te W e ak M o d e ra te  - S tro n g
(C o n d it io n  In d ex ) (44 3) (45 5) (45  4) (18  5) (87  0)
H e te ro sk e d a s tic ity N o n e N o n e N o n e N o n e N o n e
N o rm a lity N o rm a l N o rm a l N o rm a l N o rm a l N o rm a l
K u r to s is 0 72 0 58 1 28 1 32 1 3 1
S k ew n ess O i l -0  02 0 33 0 34 0 35
S kew ness v a rie d  b e tw e e n  -0 38 a n d  0 09, a n d  -0 02 a n d  0 35, fo r th e  re s id u a ls  re la te d  
to  th e  fa t a n d  p ro te in  c o n te n t m o d e ls , re sp e c tiv e ly  T h e se  m e a su re s  o f k u r to s is  a n d  
skew ness w h en  f it t in g  th e  v ario u s  m o d e ls  to  th e  fa t c o n te n t d a t a  in d ic a te  t h a t  th e re  
m ay  b e  issues in  th e  cases o f th e  lin e a rise d  a n d  w eig h ted  lin e a r  fo rm s o f  th e  m o d e l 
o f W o o d  (1967) In  th e  case o f th e  m o d e ls  for p ro te in  c o n te n t,  k u r to s is  is p o ss ib ly  
a  p ro b le m  in  so m e in s ta n c e s , b u t  o f o v er-rid m g  im p o r ta n c e  is th e  fin d in g  of th e  
K o lm o g o ro v -S m irn o v  te s t  w h ich  su g g e sts  a d h e re n c e  to  th e  n o rm a lity  a s su m p tio n  m  
all cases
T a b le  6 4 d e sc rib es  th e  m o d e ls  e s t im a te d  m  th is  c h a p te r  I t  c a n  b e  seen  th a t  th e  
va lues o f th e  b a n d  c p a ra m e te rs  for th e  th re e  fo rm s of W o o d ’s m ode l, to  m o d e l fa t 
c o n te n t, w ere v e ry  s im ila r  to  each  o th e r  S im ila rly  for p ro te in  c o n te n t, th e  values of 
th e  p a ra m e te r  e s tim a te s  w ere a lm o s t id e n tic a l b e tw e en  th e  th re e  e s tim a tio n  m e th o d s  
for th is  m o d e l
6 3 3 Estim ation of Average Fat and Protein  Content
F o r each  m o d e l, th e  overall f a t a n d  p ro te in  c o n c e n tra tio n s  w ere c o m p a re d  to  th e  
p re d ic te d  overa ll c o n c e n tra tio n s  u s in g  th e  p a ra m e te r  e s tim a te s  o b ta in e d  th ro u g h  
th e  reg ress io n  a n a ly s is  p ro c e d u re s  T h is  w as p e rfo rm e d  by  f irs t d e te rm in in g  th e
T ab le  6 4 E x p e c te d  cu rv e  m o d e ls  for m ilk  y ie ld
C o n c e n t r a t i o n M o d e l E q u a t i o n  e s t i m a t e d
W o o d  (L in ea r  F o rm ) Yn = exp( 1 51 -  0 13 In n  4- 0 O ln )
W o o d  (W eig h ted  L in e a r  F o rm ) Yn = exp( 1 52 -  0 12 In n  -h 0 O ln )
fa W o o d  (N o n lin ea r  F o rm ) Yn = 4  7 2 n - ° 13e001n
W ilrm n k Yn =  2 76 +  1 66e~ ° 10n +  0 04n
G u o  a n d  Sw alve Yn = 4 40 +  0 6 9 ^  -  1 22 log n
C o n c e n t r a t i o n M o d e l E q u a t i o n  e s t i m a t e d *
W o o d  (L in e a r  F o rm ) Yn = exp( 1 22 -  0 05 In n  +  0 O ln )
c
0 W o o d  (W eig h ted  L in e a r  F o rm ) Yn = exp( 1 23 -  0 06 In n  4- 0 O ln )+*
0 W o o d  (N o n lin ea r  F o rm ) =  3 5 5 n _0 05e° 01ns-i
W ilm in k Yn =  2 78 +  0 6 1 e“ ° 10n +  0 025n
G u o  a n d  Sw alve =  3 25 +  0 41 y/n -  0 571og n
* Yn is the fat or protein concentration in lactation week n
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p a ra m e te r  e s tim a te s  for each  la c ta tio n  n u m b e r  w h ich  w ere th e n  u sed  to  e s tim a te  
th e  w eekly  fa t a n d  p ro te in  c o n c e n tra tio n s  m  m ilk  T h e se  w eekly  c o n c e n tra tio n s  w ith  
th e  a c tu a l m ilk  y ie ld  va lues w ere u sed  to  c a lc u la te  th e  p re d ic te d  fa t a n d  p ro te in  y ie ld  
for each  la c ta tio n  w eek b efo re  th e y  w ere c u m u la te d  to  c a lc u la te  th e  to ta l  p re d ic te d  
fa t a n d  p ro te in  y ie lds, a n d  th u s  th e  overall p re d ic te d  fa t a n d  p ro te in  c o n c e n tra tio n  
for th e  to ta l  la c ta t io n  T h e  p re d ic te d  fa t a n d  p ro te in  c o n c e n tra tio n s  over a n  e n tire  
la c ta tio n  w ere th e n  c o m p a re d  to  th e  a c tu a l  f a t  a n d  p ro te in  c o n c e n tra tio n s , w h ich  
w ere c a lc u la te d  for th e  e x p e r im e n ta l d a t a  o n ly  T h e  a c tu a l  av erag e  fa t a n d  p ro te in  
c o n te n t o f th e  d a ta ,  as show n  m  T ab le  6 5, w ere 3 94 p e r  c e n t a n d  3 41 p e r  ce n t, 
re sp e c tiv e ly  T h e  m o d e ls  o f W ilm in k  (1987) a n d  G u o  a n d  Sw alve (1995) e s t im a te d  
th e  fa t a n d  p ro te in  c o n te n t of m ilk  to  w ith in  0 01 p e rc e n ta g e  p o in t  o f th e  a c tu a l  
average
T ab le  6 5 C o m p a riso n  o f e s t im a te d  to ta l  y ie ld  w ith  a c tu a l to ta l  y ie ld
C o n t e n t M o d e l F a t  Y ie l d F a t  C o n t e n t
( k g ) (% )
A c tu a l T o ta l F a t Y ie ld 224 77 3 94
W o o d  (L in e a r  F o rm ) 152 02 2 69
ß W o o d  (W eig h ted  L in e a r  F o rm ) 163 10 2 85
W o o d  (N o n lin ea r  F o rm ) 164 28 2 87
W ilm in k 223 85 3 93
G u o  a n d  Sw alve 224 30 3 94
C o n t e n t M o d e l P r o t e i n  Y ie l d P r o t e i n  C o n t e n t
( k g ) ( % )
A c tu a l T o ta l P ro te in  Y ield 194 37 3 41
fl
3 W ood  (L in ea r  F o rm ) 147 74 2 59
0 W o o d  (W eig h ted  L in e a r  F o rm ) 148 02 2 60
Oh W o o d  (N o n lin ea r  F o rm ) 157 57 2 77
W ilm in k 194 10 3 40
G u o  a n d  Sw alve 194 15 3 40
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6 4 Selection of Best Model
T h e  a im  of th is  s tu d y  w as to  a rr iv e  a t  a  m o d e l th a t  sa tis fa c to r ily  re p re se n te d  v ari­
a t io n  m  th e  fa t a n d  p ro te in  c o n c e n tra tio n  o f m ilk  p ro d u c e d  th r o u g h o u t  a  la c ta tio n  
W h ile  all o f th e  m o d e ls  te s te d  w ere b ro a d ly  s im ila r  in  te rm s  o f th e ir  goo d n ess-o f-fit, 
w h en  th e  re s id u a ls  w ere e x a m in e d  it  w as fo u n d  th a t  th e  m o d e l o f W ilm in k  (1987) 
w as s ig n ific an tly  b e t te r  th a n  th e  o th e rs  w ith  w eak  c o n d itio n  in d e x  va lues w h en  a p ­
p lied  to  th e  d a t a  for b o th  fa t a n d  p ro te in  c o n te n t (18 7 a n d  18 5, re sp e c tiv e ly )  T h e  
v a ria n c e  o f th e  re s id u a ls  w as fo u n d  to  b e  c o n s ta n t  over all o b se rv a tio n s  a n d  th e re  
w as fo u n d  to  b e  no  s ig n ific an t d e v ia tio n  from  n o rm a lity  m  th e  d is t r ib u t io n  o f  th e  
re s id u a ls  In  a d d i t io n  to  th e  m o d e l of W ilm in k  (1987) b e in g  th e  m o s t s a tis fa c to ry  
a t  f it t in g  th e  d a ta ,  it  is a lso  b io log ica lly  in te rp re ta b le  (W ilm in k , 1987) P a ra m e te r  
a is a s so c ia te d  w ith  th e  level o f c o n c e n tra tio n , b w ith  c o n c e n tra tio n  in c rease  a f te r  
th e  tro u g h , c w ith  th e  c o n c e n tra tio n  d ec rease  b e fo re  th e  tro u g h  a n d  k (0 10) w ith  
th e  m o m e n t o f th e  tro u g h
6 4 1 Param eter E stim ates and the Effects of Lactation Num ber, 
Breed and Feed
T h e  p a ra m e te r  e s tim a te s  w ere c a lc u la te d  for each  la c ta t io n  g ro u p  a n d  a n  A N O V A  
w as p e rfo rm e d  to  te s t  if th e  p a ra m e te r  e s tim a te s  o f th e  m o d e l o f W ilm in k  (1987) 
w ere s ig n ifican tly  d iffe ren t from  each  o th e r  for each  la c ta tio n  g ro u p  c a te g o ry  T h e  
a s su m p tio n  o f h o m o g e n e ity  o f v a ria n ce s  w as n o t v io la te d  (T a b le  6 6) a n d  th e re fo re  
A N O V A  w as p e rfo rm e d  I t  w as fo u n d  (T a b le  6 7 ) t h a t  th e  p a ra m e te r  e s tim a te s  d id  
n o t  d iffer s ig n ific an tly  b e tw e en  la c ta tio n s
T h e  p a ra m e te r  e s tim a te s  for th e  m o d e l o f W ilm in k  (1987) w ere a lso  ex a m in e d  
for th e  effect o f b re e d  a n d  feed T h e  L evene s ta t is t ic  (T ab le  6 8) show ed  th a t  th e re  
w as no  ev id en c e  th a t  th e  v a ria n ce s  w ere  n o t  eq u a l, a t  a  five p e r  c e n t sign ificance 
level, for p a ra m e te r  e s tim a te s  a , b a n d  c T h e  sa m p le  sizes o f th e  g ro u p s  a re  eq u a l in 
th is  s tu d y , a n d  i t  w as fo u n d  u s in g  A N O V A  (T ab le  6 9) t h a t  th e re  w as no  s ig n ifican t
8 5
T ab le  6 6 T es t o f h o m o g e n e ity  o f v a ria n ce s  for th e  p a ra m e te r  e s tim a te s  o f th e  m o d e l 
o f W ilm in k  for d iffe ren t la c ta tio n  ca te g o rie s
C o n t e n t P a r a m e t e r  E s t i m a t e L e v e n e  S t a t i s t i c d f l d f2 p  — v a l u e
j ^ a 2 86 2 28 0 074
r£fa b 2 34 2 28 0 115
c 1 8 7 2 28 0 172
C o n t e n t P a r a m e t e r  E s t i m a t e L e v e n e  S t a t i s t i c d f l d f2 p  — v a lu e
a a 3 23 2 28 0 055
v
o b 0 83 2 28 0 448U
cu c 2 90 2 28 0 071
d ifference , a t  a  five p e r  c e n t s ign ificance level, b e tw e en  th e  p a ra m e te r  e s tim a te s  
for th e  d iffe ren t b re e d s  S im ila rly  for feed, th e  A N O V A  show ed  th a t  th e  p a r a ­
m e te r  e s tim a te s  d id  n o t d iffer s ig n ific an tly  from  each  o th e r  b e tw e en  feed ing  reg im es
6 4 2 Seasonal Effects
T h e  effect o f p ro d u c tio n  m o n th  in d e p e n d e n t o f s ta g e  o f la c ta t io n  w as e s tim a te d  
to  a c c o u n t for m u ltip le  e n v iro n m e n ta l effects su ch  as  g ra ss  av a ila b ility  a n d  feed 
c o n s u m p tio n  (G u th r ie , 1994) A s th e re  is a  s tim u lu s  to  m ilk  p ro d u c tio n  from  h ig h  
a v a ila b ility  a n d  d ig e s tib ility  o f g ra ss  in  sp r in g  a n d  a  d e p re ss in g  effect d u e  to  th e  
u se  o f co n serv ed  fo rage in  th e  w in te r, as  fo u n d  m  C h a p te r  3 a n d  by  C u n n in g h a m  
(1972) a n d  K illen  a n d  K ea n e  (1978), th e  c o n c e n tra tio n  o f b o th  fa t a n d  p ro te in  a re  
a lso  affec ted  by  th e se  se aso n a l ch an g es in  feed ing  reg im e  T h is  effect w as c a lc u la te d  
by  c o m p a r in g  th e  w eekly  a c tu a l d a t a  w ith  th e  p re d ic te d  fa t a n d  p ro te in  c o n te n t 
va lues u s in g  th e  m o d e l o f W ilm in k  (1987) as show n  m  T ab le  6 4 a n d  th e  d e v ia tio n s  
re s u lt in g  fro m  th e se  co m p a riso n s  w ere c u m u la te d  for each  m o n th  o f th e  y ea r T h e  
m e a n s  o f th e se  d e v ia tio n s  w ere th e n  c o m p u te d  for each  m o n th  to  a rr iv e  a t  a n  average  
effect of m o n th  on  fa t a n d  p ro te in  c o n c e n tra tio n , re g a rd le ss  o f s ta g e  of la c ta t io n  
T h e se  affects w ere  av e rag ed  over sev era l seaso n s  (1995 to  2002)
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Table 6 7 One-way analysis of variance to compare the parameter estimates of the model of Wilmink for each lactation
C o n t e n t S o u r c e d f S u m  o f  S q u a r e s M e a n  S q u a r e F  V a lu e p  — v a l u e
a B e tw ee n  G ro u p s 2 1 10 0 55 0 699 0 506
W ith m  G ro u p s 28 22 07 0 79
T o ta l 30 23 17
b B e tw e e n  G ro u p s 2 3 25 1 6 3 0 734 0 489
W ith m  G ro u p s 28 62 08 2 22
fa T o ta l 30 65 33
c B e tw ee n  G ro u p s 2 0 001 0 001 0 714 0 498
W ith in  G ro u p s 28 0 029 0 001
T o ta l 30 0 031
C o n t e n t S o u r c e d f S u m  o f  S q u a r e s M e a n  S q u a r e F  V a l u e p  — v a l u e
a B e tw e e n  G ro u p s 2 0 35 0 18 0 947 0 400
W ith m  G ro u p s 28 5 23 0 19
T o ta l 30 5 59
£ b B e tw e e n  G ro u p s 2 1 30 0 65 1 275 0 295
3+3 W ith m  G ro u p s 28 14 27 0 51
0u
Oh
T o ta l 30 15 57
c B e tw ee n  G ro u p s 2 0 000 0 000 0 576 0 569
W ith in  G ro u p s 28 0 007 0 000
T o ta l 30 0 007
T ab le  6 8 T e s t o f h o m o g e n e ity  o f v a ria n ce s  for th e  p a ra m e te r  e s t im a te s  o f th e  m o d e l 
o f W ilm in k  for d iffe ren t b ree d s
Content Parameter Estimate Levene Statistic d f l d f 2 p -  value
a 1 69 2 6 0 261
fa b 4 39 2 6 0 067
c 1 19 2 6 0 367
Content Parameter Estimate Levene Statistic d f l d f 2 p — value
a a 1 16 2 6 0 375
CD
0 b 1 18 2 6 0 370
u
CU c 0 30 2 6 0 752
T h e  re su lt in g  effects o f p ro d u c tio n  m o n th , in d e p e n d e n t o f s ta g e  o f la c ta t io n , a re  
sh o w n  in  T ab le  6 10 F ro m  S e p te m b e r  to  M arch , e x c lu d in g  D ec em b e r a n d  J a n u a ry , 
th e  m o d e l o f W ilm m k  (1987) u n d e re s tim a te s  th e  fa t c o n te n t in  m ilk  by  b e tw e en  
0 1 p e r  c e n t a n d  4 3 p e r  cen t, w ith  g re a te s t  v a r ia tio n s  o c c u rrin g  in  O c to b e r  a n d  
N o v em b er S im ilarly , th e  g re a te s t  v a r ia tio n s  m  th e  p ro te in  c o n te n t o f m ilk  d u e  to  
p ro d u c tio n  m o n th  w ere fo u n d  to  o cc u r from  S e p te m b e r  to  F e b ru a ry  T h e  effects 
show n  in  T ab le  6 10 ca n  b e  a d d e d  to  th e  p re d ic te d  w eekly  fa t a n d  p ro te in  c o n te n t 
v a lu es o b ta in e d  u s in g  th e  m o d e l o f  W ilm m k  (1987) to  c a lc u la te  th e  a d ju s te d  w eekly 
fa t a n d  p ro te in  c o n te n t values w h ich  a c c o u n t for th e  se aso n a l v a r ia tio n  a t t r ib u ta b le  
to  p ro d u c tio n  m o n th
In  g en e ra l th e  la rg e s t d isc re p an c ie s , b e tw e en  th e  a c tu a l  av erag e  fa t a n d  p ro te in  
c o n te n t w ith  th e  d eriv e d  re su lts  o cc u r a t  th e  ea rlie s t a n d  la te s t  s ta g e s  of la c ta t io n  
as  show n  m  F ig u re s  6 2 a n d  6 3 T h is  is u n d e r s ta n d a b le  as th e re  is h ig h  v a r ia b ility  
m  th e  re a d in g s  a t  th e se  tim e s  A t th e  b e g in n in g  o f la c ta t io n  th e  fa t a n d  p ro te in  
c o n c e n tra tio n s  a re  likely to  b e  in flu en ced  by  n u tr i t io n a l  reg im es, th e  in te rv a l fro m  
ca lv in g  to  th e  f irs t te s t ,  a n d  la c ta t io n  (fa m ilia r ity  w ith  m ilk in g  p a r lo u r , s tre s s  o f new  
e n v iro n m e n t for f irs t t im e  ca lvers, e tc  ) A t th e  e n d  o f la c ta tio n  th e  h ig h  v a r ia b ility  
is ag a in  likely to  b e  d u e  to  v a r ia tio n s  m  n u tr i t io n a l  reg im es (g ra ss  ava ilab ility , th e  
u se  o f feed su p p le m e n ts , e tc  ) b u t  m ay  a lso  b e  d u e  to  p re g n a n c y  s ta tu s  (R oche ,
Table 6 9 One-way analysis of variance to compare the parameter estimates of the model of Wilmmk for each breed group
C o n t e n t S o u r c e d f S u m  o f  S q u a r e s M e a n  S q u a r e F  V a lu e p  — v a l u e
a B e tw ee n  G ro u p s 2 0 03 0 02 0 161 0 855
W ith in  G ro u p s 6 0 59 0 10
T o ta l 8 0 62
b B e tw ee n  G ro u p s 2 0 08 0 04 0 140 0 872
•«•a W ith m  G ro u p s 6 1 69 0 28
fa T o ta l 8 1 77
c B e tw ee n  G ro u p s 2 0 000 0 000 0  313 0 743
W ith in  G ro u p s 6 0 001 0 000
T o ta l 8 0 001
C o n t e n t S o u r c e d f S u m  o f  S q u a r e s M e a n  S q u a r e F  V a l u e p  — v a l u e
a B e tw ee n  G ro u p s 2 0 01 0 00 0 180 0 840
W ith in  G ro u p s 6 0 14 0 02
T o ta l 8 0 15
fl b B e tw ee n  G ro u p s 2 0 23 0 12 1 924 0 226
a> W ith m  G ro u p s 6 0 37 0 06
ou T o ta l 8 0 60
Pk
c B e tw ee n  G ro u p s 2 0 000 0 000 1 581 0 281
W ith in  G ro u p s 6 0 000 0 000
T o ta l 8 0 000
Fat
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T ab le  6 10 S easo n al d e v ia tio n s  on  th e  m o d e l o f W ilm in k , in d e p e n d e n t o f s ta g e  of 
la c ta tio n
Month Fat Content 
( % )
Protein Content
( % )
J a n u a r y -0 08 -2 53
F e b ru a ry 2 02 2 68
M a rc h 0 81 0 63
A p ril -0 04 1 23
M ay -2 30 1 58
J u n e -2 95 0 45
Ju ly -3 22 0 00
A u g u s t - 1 4 8 -0 65
S e p te m b e r 0 07 2 43
O c to b e r 4 28 5 14
N o v em b er 4 10 1 61
D ec em b e r -0 50 -3 27
6 11 16 21 26 31 36 41
Lactation Week
— Actual Fat Content Wilmink
F ig u re  6 2 P lo t  o f th e  a c tu a l  av erag e  a n d  e s t im a te d  av e rag e  fa t c o n c e n tra tio n
Lactation Week
—^ —Actual Protein Content —B— WHmink 
F ig u re  6 3 P lo t  o f th e  a c tu a l  av erag e  a n d  e s tim a te d  av erag e  p ro te in  c o n c e n tra tio n
2003), if a  cow  is n o t p re g n a n t,  th e  s lopes of th e  fa t a n d  p ro te in  cu rves a re  s te e p e r  
(closer to  th e  v a lu es p re d ic te d  by  th e  m ode l)
F ro m  th e  d a t a  u sed  m  th is  s tu d y , i t  w ou ld  a p p e a r  t h a t  th e  fa t a n d  p ro te in  
c o n c e n tra tio n s  a re  less s u b je c t  to  seaso n a l v a r ia tio n  th a n  is th e  p ro d u c tio n  o f w hole 
m ilk  D e v ia tio n s  ra n g e d  from  —3 3  to  + 5 1  p e r  c e n t for fa t a n d  p ro te in  c o n te n t 
w h erea s  th e y  ra n g e d  from  —8 6 to  +8  9 p e r  c e n t for m ilk  p ro d u c tio n  (C h a p te r  5) 
T h is  im p lies  t h a t  d iffe rences in  feed ing  reg im es te n d  to  im p a c t m o re  on  m ilk  vo lum e 
th a n  on  th e  m ilk  c o n s ti tu e n ts  (K a v an a g h  e t  a l , 2003) T h e  t ro u g h  in  th e  cu rv e  
re p re se n tin g  fa t c o n te n t w as fo u n d  to  lag  a p p ro x im a te ly  th re e  w eeks b e h in d  th e  
p e a k  for m ilk  y ie ld , w h ile  th e  t ro u g h  for p ro te in  c o n c e n tra tio n  co in c id ed  w ith  p e a k  
m ilk  y ie ld  T h e se  fin d in g s c o r re sp o n d  w ith  th o se  o f S ch ü tz  e t  a l (1990) a n d  S ta n to n  
e t al (1992) T h e  se aso n a l t r e n d s  free of s ta g e  o f la c ta t io n  effects, for b o th  fa t a n d  
p ro te in  c o n te n t, a re  v e ry  s im ila r  to  th e  fin d in g s  o f K illen  a n d  K e a n e  (1978), th e re  is a  
s tim u lu s  to  b o th  fa t a n d  p ro te in  p ro d u c tio n  in  th e  w in te r  m o n th s  a n d  a  d ep re ss io n
in  ea rly  sp r in g  a n d  su m m e r th a t  is p a r t ia l ly  d u e  to  th e  av a ila b ili ty  o f g rass  a n d  
g ra z in g  c o n d itio n s
6 4 3 Calculating Fat and Protein  Volume
T h e  v o lu m e o f e i th e r  c o n s ti tu e n t p ro d u c e d  can  b e  c a lc u la te d  by  u s in g  th e  m o d e l 
o f W ilm in k  (1987) m  c o n ju n c tio n  w ith  e i th e r  th e  a c tu a l  m ilk  y ie ld  o r th e  A li-B  
m o d e l fo r m ilk  y ie ld  d e sc r ib e d  in  C h a p te r  5 T h e  A li-B  m o d e l is a  p o ly n o m ia l 
m o d e l o f th e  fo llow ing fo rm
Yn = 121 83 -52 4672 +7106w -18 94u>2
(64 1)
(19 04) (26 71) (1 56) (2 05)
w h e re  Yn is th e  m ilk  y ie ld  m  la c ta t io n  w eek n, 7  =  3^  a n d  ui = ^  a n d  th e  values
m  b ra c k e ts  a re  th e  s ta n d a r d  e rro rs  o f th e  p a ra m e te r  e s tim a te s  T h e re fo re  th e  
fo llow ing  fu n c tio n a l fo rm  d esc rib es  th e  v o lu m e o f fa t p ro d u c e d
Fn — /  121 83 — 52 4672 + 7 1  06w —18 94a;2 + se a so n a l effects
V (19 04) (26 71) (1 56) (2 05)
2 67 + 1  66e " 010n + 0  0 4 n  + s e a s o n a l effects
(0 07) (0 12) (0 003)
(6 4 2)
w h ere  Fn is th e  v o lu m e o f fa t p ro d u c e d  in  th e  m ilk  m  w eek n  o f la c ta t io n  a n d  th e
v a lu es m  b ra c k e ts  a re  th e  s ta n d a r d  e r ro rs  o f th e  p a ra m e te r  e s tim a te s  S im ilarly ,
th e  fo llow ing fu n c tio n a l fo rm  ca n  b e  u sed  to  c a lc u la te  th e  p ro te in  vo lu m e o f m ilk
9 2
Pn = (  121 83 — 52 4672 + 7 1  06u; —18 94w2 + s e a s o n a l effects 
(19 04) (26 71) (1 56) (2 05)
2 78 + 0  6 1 e -0  10n + 0  0 2 5 n  + s e a s o n a l effects
(0 04) (0 08) (0 001)
(6 4 3)
w h ere  Pn is  th e  v o lu m e o f p ro te in  p ro d u c e d  in  th e  m ilk  m  w eek n  of la c ta tio n  a n d  
th e  va lues in  b ra c k e ts  a re  th e  s ta n d a r d  e r ro rs  o f th e  p a ra m e te r  e s tim a te s
6.5 Conclusions
T h e  p u rp o se  o f th e  a n a ly s is  m  th is  c h a p te r  w as to  d e riv e  a  sing le  w ell-fittin g  m o d e l 
to  re p re se n t th e  sh a p e  of th e  la c ta t io n  cu rv es for fa t a n d  p ro te in  c o n te n t for Ir ish  
d a iry  cow s T h e  m o d e l t h a t  w as se lec ted  for b e s t re p re se n tin g  th e  sh a p e  of b o th  
th e  f a t  a n d  p ro te in  c o n te n t cu rv es  w as th e  m o d e l o f W ilm in k  (1987) T h is  m o d e l 
w as chosen  on  th e  b as is  o f its  a b ili ty  to  p ro v id e  a  g o o d  fit to  th e  fa t a n d  p ro te in  
c o n c e n tra tio n  d a t a  a n d  also  its  a d h e re n c e  to  th e  a s su m p tio n s  m a d e  m  c a rry in g  
o u t reg ress io n  a n a ly s is  T h e  p a ra m e te r  e s tim a te s  o f th e  m o d e l o f  W ilm in k  (1987) 
w ere fo u n d  n o t to  b e  s ig n ifican tly  d iffe ren t b e tw e e n  la c ta tio n  g ro u p s  B re e d  a n d  
feed w ere also  e x a m in e d  a n d  it  w as fo u n d  u s in g  o ne-w ay  a n a ly s is  o f v a r ia n c e  th a t  
th e  p a ra m e te r  e s tim a te s  d id  n o t d iffer s ig n ifican tly  b e tw e e n  th e  b re e d s  a n d  feeds 
a f te r  a d ju s tin g  for la c ta t io n  n u m b e r, h e rd  effect a n d  ca lv in g  m o n th  T h e re fo re , 
th e  sing le  e q u a tio n s  p re se n te d  in  th is  c h a p te r ,  in  c o n ju n c tio n  w ith  th e  se aso n a l 
effects, a re  s a tis fa c to ry  for ex p la in in g  v a r ia tio n  in  th e  fa t a n d  p ro te in  c o n te n t m  m ilk  
th ro u g h o u t  a  la c ta t io n  T h is  m o d e l fo rm  is a p p ro p r ia te  for u se  by  b io -ec o n o m ists  
w h o  a re  c o n s ta n t ly  u p d a t in g  a n d  re c re a tin g  th e  reg re ss io n  p a ra m e te rs  for d iffe ren t 
sc en a rio s  d e p e n d in g  on  fa c to rs  such  as h e rd , feed ing  sy s te m  a n d  e n v iro n m e n t I t  is a
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sing le  e q u a tio n  m o d e l a n d  th e re fo re  less cu m b e rso m e  to  use  th a n  th e  2 ,1 6 0 -e q u a tio n  
S L A C  m e th o d  I t  a lso  m o d e ls  fa t a n d  p ro te in  c o n te n t r a th e r  th a n  fa t a n d  p ro te in  
y ie ld  w h ich  is m o re  b en e fic ia l to  b io -ec o n o m ists  a n d  a n im a l sc ie n tis ts  alike
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C h a p t e r  7
M o d e l l i n g  L i v e w e i g h t
7 1 Introduction
A c c u ra te  e s tim a te s  o f livew eigh t o f in d iv id u a l an im a ls  ca n  b e  benefic ia l w h en  m a k ­
in g  m a n a g e m e n t a n d  n u tr i t io n a l  dec isions b o th  a t  h e rd  level a n d  for in d iv id u a l 
cow s (F o rb es, 1983, W a lte r  e t a l , 1984) T h e  M o o re p a rk  D a iry  S y stem s M ode l 
(M D S M ) (S h a llo o  e t  al , 2004) is a  fa rm  s im u la tio n  m o d e l w h ich  re q u ire s  p rec ise  
re p re s e n ta t io n s  o f th e  livew eight p ro files o f cow s u n d e r  I r ish  p ro d u c tio n  c o n d itio n s  
T h e  loss a n d  g am  of livew eigh t h a s  a  n e t co s t in  e n e rg y  w ith in  th e  p ro d u c tio n  
sy s te m , a n d  it  is n ec essa ry  to  in c lu d e  th e  ch a n g e  m  livew eigh t m  a n  econom ic 
m o d e l to  a c c u ra te ly  re flec t th is  sy s te m  A re a lis tic  m o d e l to  e s t im a te  a n d  p re d ic t  
livew eigh t ch a n g e  o f a n  an im a l th ro u g h o u t th e  y ea r is th e re fo re  w o rth y  o f in v e s tig a ­
tio n  L ivew eigh t h a s  b e e n  m o d e lle d  u s in g  th re e  a p p ro a c h e s  as  o u tlin e d  in  C h a p te r  2, 
m o d e llin g  livew eigh t from  b ir th  to  m a tu r i ty  (B ro w n  e t  a l , 1976, B a k k e r a n d  K o o p s , 
1978, T ay lo r, 1980, M oore , 1985, P e r o t to  e t a l , 1992, B e rry  e t  al , 2005), u s in g  b o d y  
m e a su re m e n ts  (G ra v ir , 1967, H ein rich s  e t al , 1992, W icks, 2001, M a d a le n a  e t al , 
2003) a n d  m o d e llin g  livew eigh t over a  la c ta tio n  p e r io d  (W o o d  e t al , 1980, K o rv e r 
e t  a l , 1985, B e rg lu n d  a n d  D an e ll, 1987, L o p ez -V illa lo b o s  e t al , 2001) T h e  focus of 
in te re s t in  th is  s tu d y  is th e  e v o lu tio n  o f th e  livew eigh t o f a  d a iry  cow  th ro u g h o u t a  
la c ta tio n , a  ty p ic a l livew eigh t cu rv e  is show n  in F ig u re  7 1
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Lacta tion  W o ek
F ig u re  7 1 A n ex a m p le  o f a  ty p ic a l livew eigh t cu rv e
In  c o n tra s t  to  th e  m o d e llin g  o f la c ta t io n  cu rv es for b o th  m ilk  p ro d u c tio n  a n d  
c o m p o s itio n , re la tiv e ly  few re se a rch e rs  have  c o n tr ib u te d  to  th e  p ro g re ss io n  o f w ork  
in  m o d e llin g  p a t te r n s  in  livew eigh t ch an g e  o f in d iv id u a l an im a ls , W ood  e t  al (1980) 
e x a m in e d  th e  livew eigh t ch an g es o f sev era l b re e d s  o f B r itis h  d a iry  cow s u s in g  an  
in c o m p le te  g a m m a  fu n c tio n  H ow ever, th is  a n a ly s is  w as re s tr ic te d  to  th e  firs t 20 
w eeks a f te r  ca lv in g  K o rv e r e t  al (1985) c o n s tru c te d  a  fu n c tio n , from  th e  in c o m p le te  
g a m m a  fu n c tio n , in c o rp o ra t in g  livew eight level (scale) to g e th e r  w ith  v a ria b le s  re p ­
re se n tin g  p re g n a n c y  s ta tu s ,  th e  m a x im u m  d ec rease  o f livew eigh t d u r in g  la c ta tio n , 
a n d  th e  tim e  d u r in g  la c ta tio n  a t  w hich  m in im u m  livew eigh t o c c u rre d  B e rg lu n d  a n d  
D an e ll (1987) a n d  L o p ez -V illa lo b o s e t al (2001) a lso  u se d  th e  m o d e l of W o o d  e t  al 
(1980) to  p re d ic t  livew eigh t ch an g e  in  th e ir  re sp e c tiv e  s tu d ie s
T h e  p r in c ip a l m ode l, to  d a te , to  d e sc rib e  livew eigh t over a  la c ta t io n  is th e re fo re  
th e  m o d e l o f W o o d  e t  al (1980) A s th is  m o d e l fo rm  w as p rev io u s ly  u se d  to  d esc rib e  
m ilk  y ie ld , o th e r  m o d e ls  t h a t  w ere u sed  in  C h a p te r  5 to  d e sc rib e  m ilk  y ie ld  w ere 
also  in v e s tig a te d  T h e  s u ita b il ity  o f th e  m o d e ls  w as p r im a rily  ju d g e d  on  th e  b as is  
o f  g o o d n ess-o f-fit a n d  a  re s id u a l a n a ly s is  w as c a rr ie d  o u t  to  te s t  th e  v a lid ity  o f th e
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a s su m p tio n s  o f reg ressio n  a n a ly s is  T h e  effect o f e n v iro n m e n ta l a n d  se aso n a l fac to rs ,
t
in d e p e n d e n t o f s ta g e  o f la c ta tio n , w as a lso  ex a m in e d
7 2 Data
T h e  s tu d y  co m p rised  74 sp rm g -c a lv m g  d a iry  h e rd s  (70 co m m erc ia l a n d  fo u r rese arch  
h e rd s)  a n d  tw o  a u tu m n -c a lv in g  h e rd s  in  th e  s o u th  o f I re la n d , w ith  a  p o te n tia l  o f 
6,899 cow s av a ilab le  for in c lu sio n  in  th e  d a ta s e t  T ra in e d  T eag asc  p e rso n n e l v is ited  
th e  co m m erc ia l fa rm s u p  to  n in e  tim e s  a n n u a lly  V is its  w ere c a rr ie d  o u t a t  tw o -an d - 
a -h a lf  to  fo u r w eekly  in te rv a ls , w ith  v is its  b e in g  m o re  f re q u e n t in  ea rly  la c ta t io n  
D u rin g  th e  v is its , a ll cow s in  th e  h e rd  w ere rec o rd e d  e lec tro n ica lly , u s in g  a  p o r ta b le  
w eigh ing  scales a n d  W inw eigh  so ftw are  T h e  scales w ere c a lib ra te d  w eekly a g a in s t 
p e rm a n e n t sca les m  M o o re p a rk  R e sea rch  C e n tre  a n d  w ere  c a lib ra te d  ag a in  w ith  
know n  w eig h ts  on  a rr iv a l a t  each  fa rm  L ivew eigh t w as rec o rd e d  on  th e  e x p e r im e n ­
ta l  fa rm s by  a n  a u to m a t ic  w eigh ing  sy s te m  (D a iry M a s te r ) ,  th is  sy s te m  c o n s is te d  of 
a  sca le  w ith  lo ad  cells a n d  th u s  th e re  w as no  v isu a l re c o rd in g  o f th e  w eigh t F or th e  
p u rp o se s  o f th is  s tu d y , la c ta tio n  n u m b e r  w as ca te g o riz ed  as  la c ta tio n  1, la c ta t io n  2 
a n d  la c ta t io n  3 o r  g re a te r  R e co rd s  t h a t  c o n ta in e d  few er th a n  five w eigh ings d u r ­
ing  la c ta tio n  a n d  th o se  w ith  no  w eigh ing  p o st-c o n f irm e d  p re g n a n c y  w ere rem oved  
T h u s , th e  e d ite d  d a ta s e t  c o n s is te d  o f 5,331 cow  re c o rd s  o f w h ich  428 w ere  from  
e x p e r im e n ta l h e rd s  a n d  4,903 w ere fro m  co m m erc ia l h e rd s
7 3 Initial Statistical Investigations
T h e re  a re  v e ry  few m o d e ls  to  d e sc rib e  th e  p a t te r n  o f livew eigh t ch a n g e  over a  la c ta ­
t io n  in  th e  l i t e r a tu r e  (C h a p te r  2) In  re c e n t y ea rs  K o rv e r  e t al (1985), B e rg lu n d  a n d  
D an e ll (1987) a n d  L o p ez -V illa lo b o s e t  al (2001) e x a m in e d  livew eigh t cu rves over 
a  la c ta tio n , b u t  th e ir  a n a ly se s  w ere all b a se d  on  th e  m o d e l o f W o o d  e t  al (1980) 
A s th e  m o d e l o f W o o d  e t al (1980) seem s to  b e  th e  p r in c ip a l m o d e l fo r m o d e llin g
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livew eight ch a n g e  over a  la c ta tio n , to  in i t ia te  th e  se a rch  for a d d i tio n a l m ode ls , th is  
s tu d y  s ta r t s  w ith  som e b as ic  a n a ly s is  on  th e  d a t a  to  in v e s tig a te  th e  ty p e  o f m o d e l 
re q u ire d  to  fit th e  d a t a  w ell
7 3 1 U se o f Tim e Series and Splines
T h e  u se  o f t im e  series te c h n iq u e s  w as ex a m in e d  in itia lly , as  th e  d a t a  involved  in  th is  
s tu d y  w ere in h e re n tly  o f a  tim e  se ries n a tu re  H ow ever, a  p re lim in a ry  e x a m in a tio n  
d ism isse d  th e  use  o f t im e  se ries te c h n iq u e s  b e c a u se  th e y  re q u ire  t h a t  d a t a  p o in ts  
o cc u r a t  e q u a l t im e  in te rv a ls  (B o w erm an  a n d  O ’C o n n e ll, 1987), w h ich  is n o t  th e  case 
w ith  th e se  d a t a  T h u s , th e  d im e n s io n s  (i e n u m b e r  o f in d e p e n d e n t p a ra m e te rs )  o f 
th e  m o d e l re q u ire d  to  fit th e  livew eigh t d a t a  w ere a p p ro x im a te d  u s in g  sp lin es  A s 
cu b ic  sp lin es  a re  th e  m o s t w idely  u se d  sp lin es , th e y  w ere invoked  in itia lly , a  cu b ic  
sp lm e  is a  th ird -o rd e r  cu rv e  ap p lie d  to  a  s e t o f m  co n tro l p o in ts  If  th e re  a re  one  
o r m o re  sp lin es , th e  ab sc issa  va lues o f th e  jo in  p o in ts  a re  ca lled  k n o ts  T h e  g en e ra l 
fo rm  o f a  th ird -o rd e r  or cu b ic  p o ly n o m ia l is g iven  by  th e  fu n c tio n a l fo rm
f (x )  = ax3 +  bx2 cx + d (7 3 1)
w h ere  x  is th e  v a ria b le  a n d  a , 6, c a n d  d a re  c o n s ta n t coeffic ien ts A c o n d itio n  of 
a  cu b ic  sp lm e  is t h a t  its  d e r iv a tiv e  a n d  its  second  d e r iv a tiv e  a re  co n tin u o u s  a t  th e  
k n o ts , a n d  th e  second  d e r iv a tiv e  is co m m o n ly  se t to  zero  a t  th e  e n d p o in ts  to  p ro ­
v id e  th e  b o u n d a ry  co n d itio n s  B y  s u b tr a c t in g  th e  n u m b e r  o f co n tin u o u s  d e riv a tiv e s  
from  th e  to ta l  n u m b e r  o f d eg rees in  th e  sp lm e, th e  d im e n s io n s  of th e  d a ta s e t  a re  
c a lc u la te d  T a b le  7 1 show s t h a t  a  cu b ic  sp lm e  w ith o u t a  k n o t fits 73 p e r  c e n t o f  th e  
re c o rd s  av a ilab le  m  th is  s tu d y  w ith  a n  av erag e  R 2 o f 0 68 A cu b ic  sp lin e  w ith  one 
k n o t f its  71 p e r  c e n t o f th e  rec o rd s  w ith  a n  av erag e  R 2 o f 0 75 A lth o u g h  a  m o d e l 
w ith  fo u r cu b ic  sp lin es  w ith  th re e  k n o ts  (See F ig u re  7 2) h a s  a n  av erag e  R 2 o f 0 81 
th is  ca n  o n ly  b e  ap p lie d  to  56 p e r  c e n t of th e  d a t a  d u e  to  th e  p ro b le m  o f o v e rf ittm g
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Table 7 1 Fit of cubic splines with different numbers of knots
No of Knots R2 % of data lost due 
to overfittmg
0 0 68 27
1 0 75 29
2 0 78 35
3 0 81 44
4 0 83 48
( th e  r a t io  o f o b se rv a tio n s  to  v a ria b le s  b e in g  to o  low) T h e re fo re , th e  m o s t ro b u s t 
m o d e l w h ich  a c c u ra te ly  d e p ic ts  th e  hvew eigh t cu rv e  over a  la c ta t io n  w ould  b e  a  
four d im e n s io n a l e q u a tio n  (See F ig u re  7 3), as  tw o cu b ic  sp lin es , (one b efo re  a n d  
one a f te r  th e  k n o t)  h a s  a  to ta l  d eg ree  o f six  a n d  i t  involves tw o  d e riv a tiv e s , w h ich  
red u c es  th e  d im e n s io n s  o f th e  e q u a tio n  to  four
Lactation Week
Liveweight — Cubic Splines with 4 knots
F ig u re  7 2 A n  ex a m p le  o f f i t t in g  cu b ic  sp lin es  w ith  fo u r k n o ts  to  a  ty p ic a l livew eigh t 
cu rv e
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610 
590 
i 570 
1 550 
1 530 
5  510 
490 
0
F ig u re  7 3 A n  e x a m p le  o f  f i t t in g  tw o  cu b ic  sp lin es  w ith  o n e  k n o t to  a  ty p ic a l 
livew eigh t cu rv e
7 3 2 G oodness-of-Fit and Analysis of Residuals for Various 
M odels
O n ce  th e  d im e n s io n s  o f th e  d a t a  w ere d e te rm in e d , th e  p ro b le m  o f d e riv in g  a n  e q u a ­
tio n  to  re p re se n t th e  d a t a  cou ld  b e  e x p lo re d  T h e  m o d e ls , p rev io u s ly  c ite d  to  m o d e l 
m ilk  y ie ld , w ere f it te d  to  p o o le d  d a t a  u s in g  n o n lin e a r  reg re ss io n  a n d  th e n  th e  effects 
o f la c ta tio n  n u m b e r, ca lv in g  m o n th , h e rd  a n d  to ta l  m ilk  y ie ld  w ere rem o v ed  from  
th e  p a ra m e te r  e s tim a te s  T o ta l m ilk  y ie ld  w as e s t im a te d  for th e  co m m erc ia l h e rd s  
u s in g  th e  A li-B  m o d e l as  p ro p o se d  m  C h a p te r  5 a n d  w as th e n  q u a r ti le d  for use m  
th is  a n a ly s is  T h e  A li-B  m o d e l (C h a p te r  5) a n d  th e  m o d e l o f A ll a n d  Schaeffer 
(1987) w ere e l im in a te d  as  p o ss ib le  m o d e ls  to  re p re se n t th e  livew eigh t cu rv e  as  th e y  
a re  p o ly n o m ia l ex p re ss io n s  a n d  th u s  alw ays have  a  concave sh a p e  T h e re fo re , th e  
m o d e ls  u n d e r  c o n s id e ra tio n , n am e ly  W ood  e t a l (1980), W ilm m k  (1987) a n d  G uo  
a n d  Sw alve (1995) (See T a b le  7 2) w ere te s te d  on  th e  b as is  o f th e ir  goodness-o f-fit 
a n d  th e ir  a b ili ty  to  a d h e re  to  th e  a s su m p tio n s  o f reg ress io n  a n a ly s is
Lactation Week
Liveweight —H— Cu btc Sp lines with one knot
1 0 0
Table 7 2 Initial hveweight models examined
Model Functional Form
W o o d
W ilm in k
G u o  a n d  Sw alve
LWn = an^e™
LW n = a +  be~kn +  cn 
LW n = a -f- by/n 4- cln(n)
T h e  M e an  S q u a re  P re d ic t io n  E rro r  (M S P E ) va lue  w as u sed  as a  m e a su re  of 
g o o d n ess-o f-fit (K v a n h  e t  a l , 1986) T h e  D u rb in -W a ts o n  s ta t is t ic ,  d , w as c a lc u la te d  
for each  m o d e l to  te s t  for th e  ex is te n ce  of a u to c o r re la tio n  b e tw e e n  th e  re s id u a ls  
w h ile  a  c o n d itio n  in d e x  w as c a lc u la te d  to  te s t  for th e  p re se n ce  o f m u lt ic o lh n e a rity  
T o  re d u c e  m u lt ic o lh n e a rity  a t  le a s t one o f th e  v a ria b le s  sh o u ld  b e  rem oved  W h i te ’s 
te s t  w as u sed  to  te s t  for h e te ro sk e d a s tic ity  a n d  a  m e an  v a lu e  w as c o m p u te d  a f te r  
a c c o u n tin g  for ca lv in g  m o n th , la c ta t io n  n u m b e r, h e rd  a n d  to ta l  m ilk  y ie ld  A d ­
d itio n a l te s ts  in c lu d ed  th e  K o lm o g o ro v -S m irn o v  s ta t is t ic  (D ), a  te s t  for n o rm a lity  
o f th e  d is t r ib u t io n  o f th e  re s id u a ls  as well as  te s ts  for k u r to s is  a n d  skew ness <The 
an a ly s is  o f re s id u a ls  o f th e se  m o d e ls  (T ab le  7 3) show ed  th a t  s tro n g  m u ltic o lh n e a rity  
w as p re se n t w h en  f it t in g  th e m  to  p o o led  d a ta ,  h av in g  a d ju s te d  for la c ta tio n  n u m b e r, 
ca lv in g  m o n th , to ta l  m ilk  y ie ld  a n d  h e rd  effects I t  c a n  b e  seen  a lso  from  T ab le  7 3 
t h a t  th e re  w as no  f irs t o rd e r  a u to c o r re la tio n  p re se n t in  a n y  o f th e  m o d e ls  a n d  th a t  
th e  re s id u a ls  w ere  h o m o sk e d as tic  a n d  n o rm a lly  d is t r ib u te d  In  a d d i tio n , th e  M S P E  
values show  th a t  th e re  w as no  s ig n ifican t d iffe rence in  th e  fit o f th e  th re e  m o d e ls  
T h e  effect o f m u ltic o lh n e a rity  w as a  severe  p ro b le m  w ith  th e se  m o d e ls  b u t  rem o v ­
in g  a  v a ria b le  w as n o t a n  o p tio n  If  a  v a ria b le  w as rem o v ed  it  w ou ld  s ig n ific an tly  
re d u c e  th e  fit o f th e se  m o d e ls  to  th e  d a t a  b e c a u se  th e re  w ere o n ly  tw o  v a ria b le s  in  
th e m  A s a  re su lt ,  o th e r  fa c to rs  affec tin g  h v ew e ig h t a n d  o th e r  te c h n iq u e s  to  red u c e  
m u lt ic o lh n e a r ity  w ere in v e s tig a te d
1 0 1
Table 7 3 Comparison of models
T e s t W o o d W i l m i n k G u o  a n d  S w a lv e
F u n c tio n a l F orm LW n = a n ^e™ LW n = a, +  be~kn +  cn L W n = a +  by/n  +  cln(n)
M S P E 924 51 921 87 918 69
R 2 0 40 0 40 0 40
A u to c o r re la tio n N o n e N o n e N o n e
M u ltic o lh n e a r ity S tro n g S tro n g S tro n g
(C o n d itio n  In d ex ) (227 ,341) (232 ,083) (227 ,525)
H e te ro sk e d a s tic ity N o n e N o n e N o n e
N o rm a li ty N o rm a l N o rm a l N o rm a l
K u rto s is 0 66 0 64 0 67
S kew ness -0 01 0 04 0 01
T h e  effect o f fa c to rs  su ch  as  age a n d  p reg n an cy , w ere e x a m in e d  firs tly  a n d  it  w as 
co n c lu d e d  th a t  livew eigh t ch an g es  o f a  d a iry  cow  cou ld  b e  m o d e lle d  as  a  fu n c tio n  of 
age, la c ta tio n  a n d  p re g n a n c y  in  th e  fo llow ing w ay
LW n =  f\{age)  +  f 2(lactation) +  pregnancy) (7 4 1)
w h ere  LW n — th e  livew eight in la c ta tio n  w eek n  A s d a iry  fa rm ers  m  I re la n d  
o p e ra te  a  s t r ic t  a n n u a l ca lv in g  p a t te r n ,  th e  age a t  ca lv in g  w ith in  la c ta tio n  does n o t 
v a ry  to  a n y  g re a t  e x te n t a n d  th u s , a  c o n s ta n t m u ltip lie d  by  la c ta tio n  n u m b e r  w as 
c o n s id e red  to  b e  a p p ro p r ia te  as th e  m e a su re  of age A s all o f th e  m ode ls  d e s c r ib e d  
in  th is  a n a ly s is  w ere fu n c tio n s  o f la c ta tio n , a n y  o f th e  th re e  co u ld  b e  u sed , b u t  
it  w as d ec id e d  to  u se  th e  m o d e l o f G u o  a n d  Sw alve (1995) T h is  m o d e l h a s  a  
s lig h tly  b e t te r  M S P E  value  th a n  th e  o th e rs  (See T ab le  7 3) a n d  w as overall m o re  
c o n s is te n t in  ex p la in in g  o th e r  m e asu res  su ch  as  m ilk  y ie ld  (C h a p te r  5), f a t c o n te n t 
a n d  p ro te in  c o n te n t (C h a p te r  6) T h e  fu n c tio n  d e sc r ib e d  by  H u g g e tt  a n d  W id d a s  
(1951) to  re p re se n t th e  effect o f p re g n a n c y  on  livew eigh t w as in c o rp o ra te d  in to  o u r 
m o d e l T h u s  th e  to ta l  fu n c tio n  d esc r ib in g  th e  c o m b in ed  effects o f age, la c ta t io n  a n d  
p re g n a n c y  on  livew eigh t is as follows -
LW n =  f\(age)  +  f 2{lactation) +  pregnancy)
V
a ( la c ta t io n  n u m b e r)  ^
b + Cy/n + d ln ( n ) V
<?(days p re g n a n t — /i)3 
(7 4 2)
w h ere  L W n =  th e  livew eigh t in  la c ta tio n  w eek n  a n d  a , 6, c, d, g a n d  h a re  p a r a ­
m e te rs  A s th e  la c ta tio n  n u m b e r  is c o n s ta n t  for each  cow , th e  fu n c tio n  of age w as
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combined with the constant term to give the following model -
LW n = a +  cy/n  +  d ln(n) -f <?(days p re g n a n t — /i)3 (7 4 3)
W h e n  reg ress io n  w as p e rfo rm e d  on  e q u a tio n  (7 4 3) a  s tro n g  p re se n ce  o f m u lti-  
c o lh n e a rity  w as e v id e n t a n d  th e re fo re  th e  v a ria n c e  in f la tio n  fa c to r  w as e x a m in e d  to  
d e te rm in e  w h ich  v a ria b le s  w ere c o rre la te d  N o t su rp ris in g ly , th e  te rm s  >Jn a n d  ln(n) 
w ere fo u n d  to  b e  h ig h ly  c o rre la te d , w ith  v a ria n c e  in f la tio n  fa c to r  va lues of 25 88 a n d  
22 58, re sp e c tiv e ly  T h u s , p r in c ip a l c o m p o n e n t a n a ly s is  (P C A ) w as u til ise d
P C  A is a  te c h n iq u e  th a t  involves th e  fo rm a tio n  o f new  v a ria b le s  w hich  a re  lin ­
ea r  c o m b in a tio n s  o f th e  o rig in a l v a ria b le s  T h e  m a x im u m  n u m b e r  o f new  v a ria b le s  
t h a t  ca n  b e  fo rm ed  is eq u a l to  th e  n u m b e r  o f o rig in a l v a ria b le s  T h e  firs t p r in c ip a l 
c o m p o n e n t (o r new  v aria b le )  a c c o u n ts  for as m uch  o f  th e  v a r ia b ility  m  th e  d a t a  
as  p o ss ib le  a n d  each  su c ce ed in g  c o m p o n e n t a c co u n ts  for as  m uch  o f th e  re m a in in g  
v a r ia b ility  as  p o ss ib le  T h e  n o rm a l c o n v e n tio n  is to  s ta n d a rd is e  th e  d a t a  b efo re  
c a r ry in g  o u t  p r in c ip a l c o m p o n e n t a n a ly s is  so t h a t  each  re c o rd in g  m akes a n  eq u a l 
c o n tr ib u tio n  to  th e  to ta l  v a ria n ce  F in d in g  th e  p r in c ip a l c o m p o n e n ts  for tw o v ari­
ab les  involves a n  o r th o g o n a l ro ta t io n  o f th e  axes T h e  f irs t p r in c ip a l c o m p o n e n t w ill 
b e  in  th e  d ire c tio n  o f g re a te s t  v a ria n ce  a n d  th is  is fo u n d  by  m in im is in g  th e  su m  of 
th e  sq u a re d  p e rp e n d ic u la r  d is ta n c e s  from  th e  o b se rv a tio n s  to  th e  firs t c o m p o n e n t 
O nce  th e  firs t c o m p o n e n t is p o s itio n e d , th e  seco n d  c o m p o n e n t is fixed since  i t  m u s t 
b e  o r th o g o n a l to  th e  f irs t T h e  p r in c ip a l c o m p o n e n ts  a re , as  a  re su lt , u n c o rre la te d  
am o n g  th e m se lv es
P C A  w as c a rr ie d  o u t a n d  th e  tw o  c o rre la te d  te rm s  in  e q u a tio n  (7 4 3) w ere  
re p la ce d  w ith  tw o  in d e p e n d e n t lin e a r  c o m p o n e n ts  -
sjn = a u P C l + a n PC2  (7  4 4)
ln(n) =  a 2i P C I + a 22PC2  (7 4 5)
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w h ere  P C  1 a n d  P C 2 a re  p r in c ip a l c o m p o n e n t sco res o n e  a n d  tw o, re sp e c tiv e ly  
a n d  a l3 a re  th e  e ig en v ec to rs  a s so c ia te d  w ith  th e  i th v a ria b le  a n d  th e  j th p r in c ip a l 
c o m p o n e n t T h e se  tw o  in d e p e n d e n t lin e a r  c o m p o n e n ts  d e s c r ib e  all o f th e  v a r ia tio n  
in  th e  tw o  o rig in a l v a ria b le s  lead in g  to  th e  fo llow ing  fu n c tio n a l fo rm  -
LW n = a + c[an P C l + a u PC 2 ] +  d[a21P C l  +  a 22PC2] +  g(m -  h f  (7 4 6)
LW n =  a +  ( c a n  +  da2l)P C l  +  ( c a i 2 +  da22)PC2 + g(m -  h f  (7 4 7)
LW n =  Po + 0 iP C l + 0 2PC2 + 03( m -  h )3 (7 4 8)
w h ere  0o =  a , 0\ =  ( c a n  +  da21), 02 = (ca 12 +  da22), 03 =  g , P C I  a n d  PC2  =  
p r in c ip a l c o m p o n e n t scores 1 a n d  2, resp ec tiv e ly , m  =  d ay s  p re g n a n t,  a n d  a , c, d, g 
a n d  h a re  th e  o rig in a l p a ra m e te rs
7 4 1 Proficiency of M odel
W h e n  reg ressio n  a n a ly s is  w as p e rfo rm e d  on  th is  fu n c tio n , i t  w as fo u n d  th a t  th e  value 
o f p a ra m e te r  h v a rie d  c o n s id e ra b ly  b e tw e en  th e  d iffe ren t c a te g o rie s  in th e  po o led  
d a t a  a n d  it  w as th e re fo re  d ec id e d  to  keep  th is  figure  c o n s ta n t  V ario u s  values o f th e  
p a ra m e te r  h w ere te s te d  (See T ab le  7 4) a n d  it  w as fo u n d  th a t  th e  m o s t sa tis fa c to ry  
v a lu e  w as h = 65 T h e  m o d e l in c o rp o ra t in g  h =  65 h a d  th e  low est c o n d itio n  
in d ex , k u r to s is  a n d  skew ness values for th e  b e s t M S P E  v a lu e  T h u s , th e  fu n c tio n  to  
d e sc rib e  hvew eigh t b e c a m e  -
LW n = 00 + 0 iP C l + 02PC2 + p3(m -  6 5 )3 (7 4 9)
w h e re  P C I  a n d  P C 2 =  p r in c ip a l c o m p o n e n t scores 1 a n d  2, resp ec tiv e ly , m  = d a y s  
p re g n a n t,  a n d  fi\, p 2 a n d  a re  reg ress io n  p a ra m e te r s  I t  w as fo u n d  th a t  th e  effect 
of m u ltic o lh n e a rity  w as w eak  w h en  f it t in g  th is  m o d e l a n d  th a t  th e  re s id u a ls  w ere 
h o m o sk e d astic , in d e p e n d e n t a n d  n o rm a lly  d is t r ib u te d  (T a b le  7 4)
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T ab le  7 4 G o o d n ess-o f-fit a n d  a n a ly s is  o f re s id u a ls  o f livew eigh t fu n c tio n  for v a rio u s  
va lues o f h
T e s t h = 25 h = 65 h = 100 h = 150
M S P E 685 30 682 93 693 06 685 40
t i2 0 54 0 54 0 55 0 54
A u to c o r re la tio n N one N one N o n e N one
M u ltic o lh n e a r ity W eak W eak W eak W eak
(C o n d itio n  In d e x ) (12 25) (15 66) (24 01) (31 27)
H e te ro sk e d a s tic ity N o n e N one N o n e N one
N o rm a lity N o rm a l N o rm al N o rm a l N o rm al
K u rto s is 0 53 0 44 0 45 0 58
S kew ness -0 14 -0 14 -0 18 -0 13
F in a lly  th e  v a lu es for a , c, d a n d  g w ere c a lc u la te d  u s in g  th e  values o f (31, a n d
#3 a n d  th e  e ig en v ec to rs , a l3J a s so c ia te d  w ith  th e  i th v a r ia b le  a n d  th e  j th p r in c ip a l 
c o m p o n e n t T h e  p a ra m e te r  e s tim a te s , a , c, d a n d  g , w ere th e n  te s te d  to  see if 
th e y  w ere s ig n ifican tly  d iffe ren t b e tw e en  la c ta tio n  g ro u p s  A  te s t  o f h o m o g en e ity  
o f v a ria n ce s  w as in itia lly  p e rfo rm e d  b efo re  a  o ne-w ay  a n a ly s is  o f v a ria n c e  cou ld  b e  
ca rrie d  o u t I t  w as fo u n d  th a t  th e  a s su m p tio n  o f h o m o g e n e ity  o f v a ria n ce s  w as 
v io la te d  for p a ra m e te r s  a a n d  g (See T a b le  7 5)
H ow ever, one-w ay  a n a ly s is  o f v a ria n ce  (A N O V A ) is re a so n a b ly  ro b u s t  w h en  th is  
a s su m p tio n  is v io la te d  if th e  sa m p le  sizes for th e  g ro u p s  a re  eq u a l (L eB lan c , 2004) 
A s th e  sa m p le  sizes o f th e  g ro u p s  a re  eq u a l m  th is  s tu d y , A N O V A  w as a p p lied  
a n d  i t  w as fo u n d  th a t  th e re  w as n o t a  s ig n ifican t d iffe rence b e tw e en  la c ta tio n s  for 
p a ra m e te r s  a , c a n d  d (See T a b le  7 6), b u t  a  s ig n ifican t d iffe rence , a t  five p e r  c e n t 
sign ificance level, w as fo u n d  for p a ra m e te r  g
In  o rd e r  to  find  w h ere  e x a c tly  th e  d iffe rences o cc u r, a  p o s t-h o c  te s t  a s su m in g
1 0 6
T ab le  7 5 T e s t o f h o m o g e n e ity  o f v a ria n ce s  for th e  p a ra m e te r  
e s tim a te s  o f th e  p ro p o se d  m o d e l for d iffe ren t la c ta t io n  g ro u p s
P a r a m e t e r
E s t i m a t e
L e v e n e  S t a t i s t i c d f l  * d f2 p  — v a l u e
a 7 56 2 19 0 004
c 2 19 2 19 0 1 3 9
d 1 66 2 19 0 217
g 8 93 2 19 0 002
df 1 =  degrees of freedom between groups 
df 2 =degrees of freedom within groups
t h a t  th e  v a ria n ce s  a re  n o t eq u a l w as p e rfo rm e d  T h e  D u n n e t t ’s T 3  p o s t-h o c  te s t  
w as c a rr ie d  o u t (See T ab le  7 7) a n d  i t  w as fo u n d  th a t  a  d iffe rence  o c c u rre d  b e tw e en  
la c ta tio n s  2 a n d  3 +  for p a ra m e te r  a a n d  b e tw e en  la c ta t io n s  1 a n d  2 for p a ra m e te r  
g A lth o u g h  A N O V A  show ed  th a t  th e re  w as no  s ig n ifican t d iffe rence b e tw e en  th e  
p a ra m e te r  e s tim a te s  for each  la c ta tio n  c a te g o ry  for p a ra m e te r  a , D u n n e t t ’s T 3  p o s t-  
h o c  te s t  is m o re  re liab le  as it  a c c o u n ts  for th e  p o ss ib ility  o f u n e q u a l v a ria n ce s  T h u s , 
a  s ig n ifican t d iffe rence o cc u rs  b e tw e en  th e  la c ta t io n  c a te g o rie s  fo r a t  le a s t o n e  o f th e  
p a ra m e te r  e s t im a te s  a n d  it  is c o n s id e red  n ec essa ry  to  have  a  s e p a ra te  m ode l o f 
hvew eigh t for each  la c ta tio n  as  follow s
Lactation 1 LW n = 538 24 - 1 2  7 3 y/n  - 0  92 ln(n) + 0  0 00023(m  -  6 5 |3 ^
(4 81) (12 93) (1 25) (0 0000073)
Lactation 2 LW n = 545 26 + 1 8  1 2 ^  - 2  00 ln{n) - 0  0 00040(m  -  6 5 j3 ^ 
(7 22) (4 77) (0 63) (0 000017)
Lactation 3 LW n =  580 86 —8 52 J n  + 0  61Zn(n) —0 0 00094(m  — 6 5 )3
(7 4 12)
( 9  7 9 )  ( 1 0  9 9 )  (2  0 7 )  ( 0  0 0 0 0 5 1 )
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Table 7 6 One-way analysis of variance to compare the parameter estimates of the proposed model for each lactation
P a r a m e t e r
E s t i m a t e
S o u r c e d f S u m  o f  S q u a r e s M e a n  S q u a r e F  V a l u e p  — v a l u e
a B e tw een  G ro u p s 2 7755 29 3877 65 2 66 0 096
W ith m  G ro u p s 19 27752 66 1460 65
T o ta l 21 35507 66
c B e tw ee n  G ro u p s 2 4180 94 2090 47 2 86 0 082
W ith in  G ro u p s 19 13882 54 730 66
T o ta l 21 18063 48
d B e tw ee n  G ro u p s 2 27 52 13 76 0 83 0 452
W ith in  G ro u p s 19 315 59 16 61
T o ta l 21 343 11
g B e tw een  G ro u p s 2 0 000000073 0 000000036 4 20 0 031
W ith m  G ro u p s 19 0 000000016 0 0000000086
T o ta l 21 0 00000024
T a b le  7 7 U sin g  D u n n e t t ’s T 3  p o s t-h o c  te s t  to  find w h ere  th e  d iffe rences o cc u r 
b e tw een  la c ta t io n s  for each  p a ra m e te r  e s t im a te  in  th e  p ro p o se d  m o d e l
Parameter Lactation 
Estimate Number (l)
Lactation 
Number (j)
p — value
a  1 2 0 990
1 3 + 0 386
3 + 0 034
c 1 2 0 201
1 3 + 0 993
3 + 0 1 3 8
d  1 2 0 846
1 3 + 0 898
3 + 0 565
g 1 2 0 024
1 3 + 0 471
2 3 + 0 094
7 4 2 Derivation of Seasonal Effects
O n ce  a  m o d e l w as id en tified , th e  d e v ia tio n s  fo u n d  by  c o m p a r in g  each  d a t a  p o in t 
w ith  th e  c o rre sp o n d in g  va lue  as  e s t im a te d  by  th e  m o d e l w ere c u m u la te d  for each  
m o n th  o f th e  y ea r  T h is  e n a b le d  a n  av erag e  effect o f c a le n d a r  m o n th  on  livew eight, 
reg a rd le ss  o f s ta g e  o f la c ta tio n , to  b e  c a lc u la te d  T h e se  effects w ere av e rag ed  over 
sev era l seaso n s  (1995 to  2002) A s e n v iro n m e n ta l fa c to rs  a re  k now n  to  have a  
s ig n ific an t effect on  livew eigh t th ro u g h o u t th e  y ea r  (W o o d  e t  a l , 1980), T a b le  7 8 
show s th e  in c re m e n ta l a d ju s tm e n t for e n v iro n m e n ta l a n d  se aso n a l effects on  th e  
livew eigh t m o d e l T h e se  w ere c a lc u la te d  in  e x a c tly  th e  sa m e  w ay as th e  seaso n a l 
effect a d ju s tm e n ts  in  C h a p te r  5 a n d  6 T h e  im p lic a tio n  o f th e se  seaso n a l effects is 
t h a t  a l th o u g h  th e  fu n c tio n  ca n  p re d ic t livew eigh t a t  a n y  s ta g e  in  la c ta tio n , a c tu a l  
livew eigh t a t  an y  tim e  is also  in fluenced  by  a  se aso n a l c o m p o n e n t T a b le  7 8 show s 
th a t  from  J a n u a ry  to  S e p te m b e r  th e  livew eight fu n c tio n  o v e re s tim a te s  th e  a c tu a l
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livew eigh t by  a p p ro x im a te ly  0 3 to  3 5 p e r  c e n t In  th e  m o n th s  o f O c to b e r , N o v em b er 
a n d  D ec em b e r th e  m o d e l u n d e re s tim a te s  th e  a c tu a l  livew eigh t by  a p p ro x im a te ly  tw o, 
four a n d  five p e r  cen t, re sp e c tiv e ly  T h e  seaso n a l effects m  T a b le  7 8 a re  a d d e d  to  th e  
livew eigh t fu n c tio n s  d e sc r ib e d  in  e q u a tio n s  (7 4 10), (7 4 11) a n d  (7 4 12), to  a c co u n t 
for th e  se aso n a l v a r ia tio n s  a t t r ib u ta b le  to  p ro d u c tio n  m o n th  F ig u re  7 4 show s 
th e  c o m p a riso n  b e tw e e n  th e  a c tu a l  average livew eight a n d  th e  p re d ic te d  livew eigh t 
a f te r  th e  se aso n a l effects w ere a d d e d  h av in g  a c c o u n te d  for ca lv in g  m o n th , la c ta t io n  
n u m b e r, to ta l  m ilk  y ie ld  a n d  h e rd  I t  show s th a t  th e  p re d ic te d  livew eigh t closely  
follow s th e  sh a p e  o f th e  a c tu a l  av erag e  livew eigh t cu rv e
7 5 Conclusions
T h e  a im  o f th is  s tu d y  w as to  a rr iv e  a t  a  w ell-fittin g  a n d  ro b u s t  fo rm  of m o d e l to  
re p re se n t th e  sh a p e  of th e  livew eigh t cu rv e  for I r ish  d a iry  cow s A n  e x a m in a tio n  
o f th e  livew eigh t d a t a  u s in g  sp lines  in d ic a te d  th a t  a  fo u r d im e n s io n a l m o d e l w as
T ab le  7 8 S easo n a l d e v ia tio n s  on  th e  p ro p o se d  m ode l, in d e p e n d e n t o f s ta g e  of 
la c ta tio n
M o n t h L iv e w e ig h t
%
J a n u a r y -3 03
F e b ru a ry -3 01
M arch -3 53
A p ril -2 95
M ay -2 95
J u n e -1 57
Ju ly -1 50
A u g u s t -3 27
S e p te m b e r -0 33
O c to b e r 2 06
N o v em b er 4 27
D ec em b e r 5 1 4
1 1 0
Lactation Vfeek
-»-Actual Liveweight Predicted Uvewetght including Seasonal Effects
F ig u re  7 4 C o m p a riso n  o f  a c tu a l  av e rag e  hvew eigh t a n d  p re d ic te d  livew eigh t a f te r  
seaso n a l effects w ere a d d e d
re q u ire d  A  n u m b e r  of m o d e ls  c ite d  in  th e  l i t e r a tu r e  w ere te s te d , a n d  th e ir  su ita b il i ty  
w as ju d g e d  on  th e  b as is  o f a d h e re n c e  to  th e  reg ress io n  a s su m p tio n s  a n d  g o odness- 
o f-fit T h e  o n ly  a s su m p tio n  th a t  w as n o t sa tisfied  by  th e  o rig in a l m ode ls  w as th a t  
o f th e  e x p la n a to ry  v a ria b le s  b e in g  in d e p e n d e n t (m u ltic o llin e a rity )  O th e r  fac to rs  
w ere th e n  e x a m in e d  su ch  as age a n d  p reg n a n cy , a n d  livew eigh t w as d e d u c e d  as 
b e in g  a  fu n c tio n  o f age, la c ta tio n  a n d  p re g n a n c y  I t  w as e v id e n t from  ex a m in in g  th e  
v a ria n c e  in f la tio n  fa c to r  va lues t h a t  th e re  w as a  s tro n g  c o rre la tio n  b e tw e e n  tw o  o f th e  
v a ria b le s  a n d  as a  re s u lt  th e se  w ere rep la ce d  by  tw o  lin e a r  in d e p e n d e n t c o m p o n e n ts  
B efo re  u s in g  th is  m o d e l to  p re d ic t th e  livew eight o f a  specific  cow , a d ju s tm e n ts  a re  
m a d e  to  a c c o u n t for se aso n a l effects on  hvew eigh t
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C h a p t e r  8
S u m m a r y , C o n c l u s i o n s  a n d  
F u t u r e  W o r k ______________________
8.1 Introduction
T h e  p u rp o se  o f th is  re se a rch  h a s  b ee n  to  m o d e l th e  m ilk  y ie ld , fa t c o n te n t, p ro te in  
c o n te n t a n d  hvew eigh t of I r ish  d a iry  cow s over a  la c ta t io n  p e r io d  M an y  m e th o d s  
hav e  b e e n  a p p lie d  to  th e se  t r a i t s  b u t  th e  te c h n iq u e  in v e s tig a te d  in  th is  s tu d y  is 
t h a t  o f e m p ir ic a l reg ress io n  m o d e ls  T h e se  a re  th e  m o s t a p p ro p r ia te  m e th o d s  for 
use  by  b io -ec o n o m ists  w h o  n eed  to  c o n s ta n t ly  u p d a te  a n d  re -c re a te  th e  p a ra m e te rs  
for d iffe ren t scen a rio s  E m p ir ic a l reg ressio n  m o d e ls  a re  ea sy  to  use  a n d  o ften  have 
u se fu l b io log ica l in te rp re ta t io n s  S uch  m o d e ls  have  b e e n  p ro p o se d  by  a u th o rs  such  
as  B ro d y  e t  al (1923), B ro d y  e t al (1924), S ikka  (1950), D ave  (1971), W ood  (1967), 
W ilm in k  (1987), A h a n d  S chaeffer (1987) a n d  G u o  a n d  Sw alve (1995) C u rre n tly , a t  
a  t im e  w h en  th e  I r ish  d a iry  in d u s t ry  is fac ing  m a n y  cha llenges, as  a  re s u lt  o f  ch an g es 
m  p o lic ies a t  E u ro p e a n  a n d  W orld  level, th e  a b ility  to  p re d ic t th e  co n seq u en ces  o f 
th e se  ch a n g es  is v ita l T h e  n eed  for a c c u ra te  m o d e ls  o f m ilk  y ie ld , i ts  c o n s ti tu e n ts  
a n d  h v ew e ig h t th u s  p ro v id ed  th e  im p e tu s  for th is  s tu d y  S ince  th e  s tu d y  o f K illen  
a n d  K e a n e  (1978) l i t t le  h a s  b ee n  d o n e  in  in v e s tig a tin g  e m p ir ic a l reg ress io n  m o d e ls  
to  re p re se n t th e se  t r a i t s  in  I re la n d  T h u s , th is  th e s is  b u ild s  on  th e  re se a rc h  o f K illen
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Ia n d  K e a n e  (1978) w ho  ap p lie d  th e  m o d e l o f W ood  (1967) to  I r ish  d a t a
In itia lly , th e  fa c to rs  w h ich  affec t to ta l  m ilk  y ie ld , th e  av erag e  fa t a n d  p ro te in  
c o n c e n tra tio n s  a n d  th e  av erag e  hvew eigh t o f cow s w ere e x a m in e d  T h e  p ro b lem  
o f a b n o rm a l rec o rd in g s  m  th e  d a ta s e t  w as th e n  e x p lo re d  a n d  finally  m o d e ls  for 
p re d ic tin g  th e  sh a p e  o f th e  la c ta t io n  cu rv es for m ilk  y ie ld , f a t c o n te n t, p ro te in  
c o n te n t a n d  h v ew e ig h t w ere d ev e lo p ed  U p  u n til now , th e  a s su m p tio n s  o f reg ressio n  
a n a ly s is  w ere n o t in v e s tig a te d  in  fu ll w h en  d e c id in g  on  th e  m o d e l w hich  fits th e  
d a t a  b e s t ,  b u t  th is  s tu d y  e x a m in e d  th e m  in  d e ta il  T h e  b e n e fits  o f th e  fo rm u la tio n s  
p re se n te d  in  th is  th e s is  w ill in c lu d e  fu r th e r  in s ig h t m to  la c ta t io n  cu rv es o f d a iry  cow s, 
p a r t ic u la r ly  w ith  re sp e c t to  ex a m in in g  th e  u n d e r ly in g  a s su m p tio n s  of s ta t is t ic a l  
p ro c e d u re s  T h is  re se a rch  in v e s tig a te d  th e se  a s su m p tio n s  a n d  as a  re s u lt  fo u n d  a  
p rev io u sly  c ite d  m o d e l to  b e  s a tis fa c to ry  in  m o d e llin g  fa t a n d  p ro te in  c o n te n t w h ile  
new  m o d e ls  w ere p ro p o se d  to  m o d e l m ilk  y ie ld  a n d  hvew eigh t A sc ien tific  m e th o d  
w as also  d ev e lo p e d  to  d e te c t  a b n o rm a l re c o rd in g s  o f m ilk  y ie ld , fa t c o n te n t a n d  
p ro te in  c o n te n t a n d  th is  m e th o d  is c o n s is te n t w ith  th e  In te rn a t io n a l  C o m m itte e  o f 
A n im a l R e c o rd in g  (IC A R ) g u id e lin es
8 2 Summary of Findings
T h is  th e s is  b e g a n  w ith  a  d e s c r ip tio n  o f th e  d a t a  av a ilab le  (C h a p te r  3) T h e  fa c to rs  
w hich  affec t th e  m ilk  y ie ld , m ilk  c o n s ti tu e n ts  a n d  h v ew e ig h t o f I r ish  d a iry  cow s w ere 
th e n  a n a ly se d  to  id e n tify  w h ich  ca te g o ric a l v a ria b le s  w ere s ig n ifican t T h is  a p p ro a c h  
is m  c o m m o n  w ith  t h a t  o f o th e r  s tu d ie s , su ch  as C u n n in g h a m  (1972) a n d  K illen  
a n d  K e a n e  (1978) I t  w as fo u n d  th a t  ca lv in g  m o n th , la c ta tio n  n u m b e r, b re e d  a n d  
feed w ere s ig n ific an t fa c to rs  w h ich  in fluenced  to ta l  m ilk  y ie ld  T h e  av erag e  fa t a n d  
p ro te m  c o n te n t o f m ilk  w ere fo u n d  to  b e  a ffec ted  by  ca lv in g  m o n th , feed a n d  b ree d  
T h e  av e rag e  h v ew e ig h t o f a  cow over a  la c ta t io n  w as affec ted  by  la c ta tio n  n u m b e r  
a n d  ca lv in g  m o n th , b u t  as  feed a n d  b re e d  d a t a  w ere n o t  av a ilab le  for th e  hvew eigh t 
s tu d y , th e  p o ss ib le  effect o f th e se  tw o fa c to rs  h a d  to  b e  ig n o red
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I t  is in e v ita b le  t h a t  a b n o rm a l re c o rd in g s  ex is t in  a n y  d a ta s e t  w h en  an im als , 
tech n o lo g y  a n d  h u m a n s  a re  involved  C h a p te r  4 p ro p o ses  a  sc ien tific  m e th o d  for 
d e te c tin g  a b n o rm a l re c o rd in g s  T h e  m e th o d  defines th e  u p p e r  a n d  low er lim its  for 
each  re c o rd in g  a n d  th e se  lim its , a lo n g  w ith  th e  s lo p e  p a ra m e te r s  o f th e  re sp e c tiv e  
cu rves, a re  u sed  to  d e te rm in e  w h e th e r  o r n o t a  re c o rd in g  is a b n o rm a l T h is  m e th o d  
sh o u ld  p ro v e  to  b e  v e ry  usefu l w h en  th e  new  e lec tro n ic  D IY  re c o rd in g  d ev ice  w ill b e  
im p le m e n te d  n a tio n a lly  w ith in  th e  n e x t few y ea rs  T h e  p ro p o se d  m e th o d  fo u n d  th a t  
for th e  d a t a  m  th is  s tu d y , th re e  p e r  c e n t o f m ilk  y ie ld  rec o rd in g s  w ere d e te c te d  as 
a b n o rm a l, w h ile  five p e r  c e n t o f fa t c o n te n t re c o rd in g s  a n d  less th a n  o n e  p e r  c e n t o f 
p ro te in  c o n te n t re c o rd in g s  w ere a b n o rm a l I t  w as fo u n d  th a t  a  s ig n ifican tly  h ig h e r 
p e rc e n ta g e  o f co m m erc ia l re c o rd in g s  th a n  e x p e r im e n ta l rec o rd in g s  w ere a b n o rm a l 
w h ich  is p o ss ib ly  d u e  to  th e  fac t t h a t  th e  e x p e r im e n ta l h e rd s  a re  p re d o m in a te ly  
e lec tro n ica lly  rec o rd e d  w h ile  th e  co m m erc ia l h e rd s  a re  rec o rd e d  m a n u a lly
H av in g  rem o v ed  th e  a b n o rm a l rec o rd in g s  from  th e  d a ta s e ts  av a ilab le  for m ilk  
y ie ld  a n d  its  c o n s ti tu e n ts ,  e m p irica l reg ressio n  p ro c e d u re s  w ere ap p lie d  W h e n  u s­
ing  reg ressio n  a n a ly s is  to  fit v a rio u s  m o d e ls  to  th e  d a ta s e ts ,  th e  a s su m p tio n s  of 
a u to c o r re la tio n , h e te ro sk e d a s tic ity , m u lt ic o lh n e a rity  a n d  n o rm a lity  o f d is tr ib u t io n  
of th e  e r ro r  te rm s  w ere in v e s tig a te d  C h a p te r  5 ex a m in e d  a  n u m b e r  of a lg eb ra ic  
m o d e ls  t h a t  d e p ic t la c ta t io n  cu rves, u s in g  I r ish  d a t a  G o o d n ess-o f-fit a n d  a d h e r ­
ence to  th e  a s su m p tio n s  o f reg ressio n  a n a ly s is  w ere e x a m in e d  T h e  M ean  S q u a re  
P re d ic t io n  E rro r  (M S P E ) value , a  m e a su re  o f g o o d n ess-o f-fit, in d ic a te d  t h a t  th e  
m o d e l o f A h  a n d  S chaeffer (1987) w as th e  m o s t s a tis fa c to ry  However, th e re  w as a  
s tro n g  p re se n ce  o f m u lt ic o lh n e a rity  b e tw e en  th e  e x p la n a to ry  v a ria b le s  a n d  so  th e se  
v a ria b le s  w ere in v e s tig a te d  fu r th e r  T o  re d u c e  th e  p re se n ce  o f m u lt ic o lh n e a rity  each  
o f th e  v a r ia b le s  w as rem oved  in  tu r n  a n d  i t  w as fo u n d  t h a t  th e  g re a te s t  im p ro v e­
m e n t o c c u rre d  w h en  th e  7  v a ria b le  (w h ere  7  =  3^ )  w as rem o v ed  T h is  new  m o d el, 
d e n o te d  th e  A li-B  m ode l, w as th e n  e x a m in e d  for each  la c ta t io n  n u m b e r, b ree d  a n d  
feed g ro u p  se p a ra te ly  I t  w as fo u n d  u s in g  a n a ly s is  o f v a r ia n c e  t h a t  th e  p a ra m e te r
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e s tim a te s  d id  n o t  d iffer s ig n ifican tly  b e tw een  th e  su b -c a te g o rie s  o f la c ta tio n  n u m ­
b e r , b re e d  a n d  feed h a v in g  a c c o u n te d  for ca lv m g  m o n th  a n d  h e rd  T h e  A li-B  m o d e l 
w as a lso  u sed  to  d e te rm in e  its  re lia b ility  in  e s t im a tin g  to ta l  m ilk  y ie ld  a n d  ag a in  it 
p ro v ed  to  b e  c o n s id e ra b ly  b e t te r  th a n  p rev io u s ly  c ite d  m o d e ls  F ina lly , th e  A li-B  
m o d e l p ro p o se d  m  C h a p te r  5 w as u sed  to  p ro v id e  a  se a so n a lity  p ro d u c tio n  p a t te r n  
ta b le  for use  by  b io -ec o n o m ists  T h is  se a so n a lity  p ro d u c tio n  p a t te r n  ta b le  is c u r ­
re n tly  b e in g  im p le m e n te d  in to  th e  M o o re p a rk  D a iry  S y s te m  M o d e l (M D S M ) w h ich  
w as in itia lly  p ro p o se d  by  S h allo o  e t al (2004)
F a t a n d  p ro te in  c o n te n t w ere in v e s tig a te d  m  C h a p te r  6 in  a  s im ila r  m a n n e r  to  
m ilk  y ie ld  M a n y  m o d e ls  of m ilk  y ie ld  c ite d  in  th e  l i t e r a tu r e  w ere e x a m in e d  on 
th e  b as is  o f th e ir  s u ita b il ity  to  m o d e l c o n s ti tu e n t cu rv es I t  w as fo u n d  th a t  th e  
a s su m p tio n s  o f reg ressio n  a n a ly s is  w ere all sa tis f ie d  by  th e  m o d e ls  ex a m in e d  b u t  
t h a t  th e  m o d e l o f W ilrn m k  (1987) h a d  a  s ig n ifican tly  b e t te r  c o n d itio n  in d e x  v a lu e  
th a n  th e  o th e r  m o d e ls  te s te d  T h e  m o d e ls  w ere a lso  te s te d  on  th e ir  ab ility  to  p re ­
d ic t to ta l  fa t a n d  p ro te in  c o n te n t for th e  e n tire  la c ta tio n  a n d  th e  m o d e l o f W ilm in k  
(1987) a lso  b e s t  sa tis f ie d  th is  c r ite r io n  by  p re d ic tin g  th e  a c tu a l c o n te n t o f th e  con ­
s t i tu e n ts  to  w ith m  0 01 p e rc e n ta g e  p o in t o f th e  a c tu a l v a lu e  T h u s , u s in g  th e  m o d e l 
o f W ilm in k  (1987), th e  m o d e l w hich  b e s t  fits th e  fa t a n d  p ro te in  c o n te n t cu rves, th e  
p a ra m e te r  e s tim a te s  w ere c a lc u la te d  for su b -c a te g o rie s  o f la c ta tio n  n u m b e r, b ree d  
a n d  feed g ro u p s  I t  w as fo u n d  t h a t  th e  p a ra m e te r  e s tim a te s  d id  n o t d iffer sign ifi­
c a n tly  b e tw een  th e se  su b -ca teg o rie s  T h e  se aso n a l effects w ere a lso  in v e s tig a te d  a n d  
i t  w as fo u n d  th a t  th e  g re a te s t  v a r ia tio n  a t t r ib u ta b le  to  p ro d u c tio n  m o n th  o c c u rre d  
b e tw e e n  N o v em b er a n d  F e b ru a ry  w h ich  w as s im ilar to  th e  fin d in g s  o f K illen  a n d  
K e a n e  (1978)
L ivew eigh t w as m o d e lled  over a  la c ta tio n  for th e  f irs t t im e  in  I re la n d  in 
C h a p te r  7 A n  in it ia l e x a m in a tio n  fo cu sed  on  u s in g  tim e  se ries te c h n iq u e s , as 
th e  d a t a  w ere in h e re n tly  o f a  t im e  se ries n a tu re  S p lin es  w ere  a lso  in v e s tig a ted  
to  d e te rm in e  th e  d im e n s io n s  of th e  m o d e l re q u ire d  to  re p re se n t th e  d a t a  A s th e
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in c o m p le te  g a m m a  fu n c tio n  (W ood , 1976) w hich  w as p rev io u s ly  u sed  to  m o d e l 
m ilk  y ie ld  ( C h a p te r  5 ), h a s  b e e n  u sed  m  o th e r  s tu d ie s  to  m o d e l livew eigh t (W ood  
e t al , 1980, K o rv e r  e t  a l , 1985, B e rg lu n d  a n d  D an e ll, 1987, L o p ez-V illa lo b o s 
e t  a l , 2001), v a rio u s  m ilk  y ie ld  m o d e ls  w ere  in v e s tig a te d  F in a lly , th e  livew eight 
o f a  cow  over a  la c ta t io n  p e r io d  w as m o d e lled  as  a  fu n c tio n  o f age, la c ta tio n  a n d  
p reg n a n cy , h av in g  a d ju s te d  for ca lv in g  m o n th , la c ta t io n  n u m b e r, to ta l  m ilk  y ie ld  
a n d  h e rd  effects A s m u ltic o lh n e a rity  w as ev id e n t in  th e  p ro p o se d  new  livew eigh t 
fu n c tio n , th e  v a ria n c e  in f la tio n  fac to r  w as e x a m in e d  a n d  p r in c ip a l c o m p o n e n t 
a n a ly s is  w as c a r r ie d  o u t on  th e  v a ria b le s  re sp o n s ib le  for m u lt ic o lh n e a rity  T h e  
re su lt in g  livew eigh t m o d e l h a s  a  m uch  b e t te r  fit th a n  m o d e ls  p rev io u sly  c ite d  
in  th e  l i te r a tu re ,  m u lt ic o lh n e a rity  is w eak  a n d  th e  re s id u a ls  a re  h o m o sk e d astic , 
in d e p e n d e n t a n d  n o rm a lly  d is t r ib u te d  T h is  livew eigh t fu n c tio n  th e re fo re  p ro v id es  
a n  a c c e p ta b le  level o f a c cu rac y  in  re p re se n tin g  th e  sh a p e  o f th e  livew eight cu rv e
for Irish  d a iry  cow s, a n d  can  b e  easily  m od ified  for d iffe ren t e n v iro n m e n ta l scen a rio s
\
8.3 Future W ork
C h a n g e s  in  th e  p o licy  e n v iro n m e n t a t  E u ro p e a n  U n io n  (E U ) a n d  W orld  T ra d e  
O rg a n iz a tio n  (W T O ) w ill re su lt  in  re d u c e d  m a rk e t s u p p o r t  for d a iry  p ro d u c ts  in 
th e  fu tu re  A s a  co n seq u en ce , low er p rice s  w ill b e  p a id  to  p ro ce sso rs  for som e d a iry  
p ro d u c ts  a n d  in e v ita b ly  low er p rice s  w ill b e  p a id  to  m ilk  p ro d u c e rs  I t  h a s  b ee n  
su g g e s ted  th a t  th e se  ch an g es  co u ld  re su lt  in  th e  m ilk  p rice  fa lling  to  below  22 ce n t 
p e r  l i t re  (c u rre n tly  th e  m ilk  p rice  is a p p ro x im a te ly  27 c e n t p e r  l i t re  (D e p a r tm e n t 
o f A g ric u ltu re  a n d  F o o d , 2004)) T h e  E U  m a rk e t s u p p o r t  av a ilab le  to  th e  Irish  
d a iry  in d u s t ry  h a s  fa c ili ta te d  th e  conversion  o f m o s t o f th e  raw  m ilk  su p p lie d  in to  
low m o is tu re  p ro d u c ts  such  as  b u t te r  a n d  sk im  m ilk  p o w d e r H ow ever, g iven  th e  
m a jo r  cha llenges th e  in d u s t ry  is now  facing , ch an g es a re  re q u ire d  on  how  raw  m ilk  
p ro d u c tio n  is o rg an ise d  a n d  how  m ilk  is u tilise d  O v er th e  la s t  few y ea rs  tw o of
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th e  m a jo r  d a iry  p ro ce sso rs  in  I re la n d , D a iry g o ld  a n d  G lan b ia , have  h ig h lig h te d  th e  
p ro b le m  o f e x tre m e  se a so n a lity  o f m a n u fa c tu r in g  m ilk  su p p ly  in  te rm s  o f ineffic ien t 
use  o f p la n t  a n d  p ro d u c t  m ix  (M aloney , 2002) T h e y  h av e  su g g e s ted  th a t  th e re  
sh o u ld  b e  som e sy s te m  o f d iffe ren tia l p ric in g  o r p rice  p e n a ltie s  for excess su p p ly  
d u r in g  th e  p e a k  su p p ly  seaso n  o f M a rc h  to  J u n e  a n d  th e  p a y m e n t o f b o n u se s  b efo re  
a n d  a f te r  th e  p e a k  (e a rly -sp rm g  a n d  la te -a u tu m n )  C u r re n tly  th e  n a tio n a l ca lv in g  
p a t te r n  is v e ry  u n e q u a l ac ross th e  y ea r  as  show n in F ig u re  8 1 w ith  a lm o s t 75 p e r  
c e n t o f th e  cow s ca lv in g  b e tw e en  F e b ru a ry  a n d  M ay  A ch a n g e  in  th e  m ilk  s u p p ly  
p a t te r n  re q u ire s  a  ch a n g e  in  ca lv in g  p a t te r n ,  b u t  th e  ch an g es  in  ca lv in g  p a t te r n  
n ec essa ry  to  ach ieve a  re q u ire d  m ilk  su p p ly  ca n  o n ly  b e  e x a m in e d  a n d  assessed  if 
an  a c c u ra te  d e s c r ip tio n  o f la c ta tio n  cu rv es is ava ilab le
Month of Year 
-+-1997 -^2QQ0~
F ig u re  8 1 C o m p a riso n  o f n a t io n a l  ca lv m g  p a t te r n  1997 a n d  2000 
Source P ro m a r  In te rn a t io n a l  (2003)
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T h e  a c c u ra te  d e sc r ip tio n s  o f la c ta tio n  a n d  h v ew e ig h t cu rv es p re se n te d  in  th e  
p re v io u s  c h a p te rs  w ill b e  u til ise d  in  th e  M o o re p a rk  D a iry  S y s tem s  M ode l (M D S M ), 
a  d e ta ile d  m o d e l sy s te m  for d a iry  p ro d u c tio n  e n te rp rise s  A  flow c h a r t  o f th e  M D S M  
il lu s tr a t in g  th e  m a jo r  c o m p o n e n ts  o f th e  m o d e l a n d  th e ir  re la tio n sh ip s  is show n in  
F ig u re  8 2 T h e  m o d e ls  for m ilk  y ie ld , f a t  c o n te n t a n d  p ro te in  c o n te n t d ev e lo p ed  
m  th is  th e s is  w ill b e  in c o rp o ra te d  m to  th e  m ilk  su p p ly  se c tio n  o f th e  M D S M  (See 
F ig u re  8 2) A s th e  hvew eigh t o f a n  a n im a l a n d  its  feed re q u ire m e n t a re  re la te d , 
th e  p ro p o se d  m o d e l for hvew eigh t (C h a p te r  7) w ill b e  in c o rp o ra te d  m to  th e  feed
F ig u re  8 2 A flow c h a r t  o f th e  M o o re p a rk  D a iry  S y s tem s  M odel 
Source S h a llo o  e t  a l (2004)
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d e m a n d  se c tio n  o f th e  m o d e l T h e  p ro p o se d  m o d e l w ill e s t im a te  th e  w eigh t o f  a  
cow is a t  a  c e r ta in  tim e  in  la c ta tio n  so  t h a t  th e  o p tim u m  feed re q u ire m e n t ca n  th e n  
b e  c a lc u la te d  T h u s  th e  co s ts  a n d  rec e ip ts  o f th e  fa rm  as  a  w ho le  can  b e  c a lc u la te d  
w ith  g re a te r  p rec is io n  th a n  h e re to fo re  T h is  is o f g re a t  b en e f it to  p ro d u c e rs  as th e y  
face im p o r ta n t  issues re la tin g  to  im p ro v in g  efficiency, low ering  co s ts  a n d  in c re as in g  
p ro d u c t iv i ty  w h ile  b e in g  c o g n isan t o f issues re la te d  to  th e  e n v iro n m e n t, a n im a l 
w elfa re  a n d  fo o d  sa fe ty  (S h a llo o  e t  al , 2004)
F u rth e rm o re , if  one h a s  a  g o o d  u n d e r s ta n d in g  a n d  a n  a c c u ra te  m o d e l fo r p re ­
d ic tin g  m ilk  y ie ld , fa t c o n te n t, p ro te in  c o n te n t a n d  h v ew e ig h t in  c o n ju c tio n  w ith  th e  
M D S M  th e n  one can
1 e s ta b lish  a n  a c c u ra te  co s t o f m ilk  p ro d u c tio n  for each  m o n th  of ca lv in g  ta k in g  
a c c o u n t o f local e n v iro n m e n ta l fac to rs ,
2 d e te rm in e  th e  o p tim u m  ca lv in g  p a t te r n  a n d  la c ta t io n  le n g th  for s p r in g  a n d  
a u tu m n  ca lv in g  h e rd s  ta k in g  co g n isan ce  o f m ilk  c o m p o s itio n  a n d  p ro ce ss in g  
q u a litie s ,
3 c a r ry  o u t fu r th e r  re se a rc h  on  m ilk  p ric in g  sy s te m s  t h a t  b e t te r  re flec t p ro ce ss in g  
c a p a b ilitie s  b o th  in  te rm s  o f m ilk  su p p ly  p a t te r n  a n d  p ro ce ss in g  q u a litie s
T h e  m o d e ls  p ro v id ed  m  th is  th e s is  co u ld  b e  u sed  to  o u tlin e  th e  o p tim u m  ca lv in g  
p a t te r n ,  la c ta tio n  p ro files, m ilk  c o m p o s itio n  a n d  p ro c e ss in g  q u a litie s  for m ilk  p ro ­
d u c t io n  sy s tem s
C u rre n tly , th e  n a tio n a l m ilk  su p p ly  p ro file  in d ic a te s  t h a t  a  p e a k  to  t ro u g h  ra tio  
o f e ig h t to  one o cc u rs  m  th e  m o n th ly  su p p ly  o f m ilk  to  d a iry  p ro ce ss in g  p la n ts , 
w ith  th e  p e a k  o c c u rr in g  m  th e  m o n th s  o f M ay  a n d  J u n e  a n d  th e  tro u g h  o c c u rr in g  
m  D ec em b e r a n d  J a n u a r y  (C e n tra l S ta t is t ic s  O ffice, 2005) (See F ig u re  8 3) T h e  
h ig h  p e a k  to  tro u g h  r a t io  re su lts  m  p ro ce sso rs  re q u ir in g  m u ch  m o re  p la n t  c a p a c ity  
th a n  w ould  b e  re q u ire d  if th e re  w as a  low er p e a k  T ra d itio n a lly , a n  in c o n s is te n cy  
in th e  p ro ce ss in g  q u a lity  o f m ilk  h a s  ex is te d  m  th e  tro u g h  m o n th s , w hich , g iven  th e
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ca lv in g  p a t te r n  o f th e  n a t io n a l  h e rd , a re  su p p lie d  m a in ly  fro m  a n im a ls  in  ea rly  a n d  
la te  la c ta tio n
In  ea rly  la c ta tio n  th e  m a m  p ro b le m  is low p ro te in  c o n c e n tra tio n , w h ile  in  la te  
la c ta tio n  th e  b a la n c e  o f fa t, lac to se , p ro te in  a n d  case in  c o n te n t is a l te re d  T h u s , 
se aso n a l v a r ia tio n  in  th e  c o m p o s itio n  o f m ilk  su p p lie d  affec ts  th e  co m p o s itio n  a n d  
q u a l ity  o f d a iry  p ro d u c ts ,  re su lt in g  in  th e  p ro d u c tio n  o f c e r ta in  p ro d u c ts  b ec o m in g  
se aso n a l a lso  T h e re fo re  th e  se a so n a lity  w ith in  th e  I r ish  d a iry  in d u s t ry  in fluences 
th e  m ix  o f p ro d u c ts ,  w h ich  ca n  b e  m a n u fa c tu re d  from  m ilk  (O ’B rie n  e t  al , 1996) 
T h e  a b ility  o f p ro ce sso rs  to  deve lop  a n d  p ro d u c e  h ig h -v a lu e  p ro d u c ts  all y e a r  ro u n d  
is re d u c e d  by  a  h ig h ly  seaso n a l su p p ly  p a t te r n
T h e  c o m p o s itio n  a n d  p ro c e ssa b ility  o f m ilk  in  b o th  e a r ly  a n d  la te  la c ta tio n  ca n  
also  b e  a ffec ted  by  th e  level a n d  p la n e  o f n u tr i t io n  ( O ’B rie n  e t  al , 1996, C ro sse  e t  a l , 
2000) R e sea rch  h a s  show n  th a t  c o n s is te n cy  in  m ilk  c o m p o s itio n  a n d  q u a lity  can  b e  
m a in ta in e d  u p  to  275 d ay s  m  la c ta t io n  w ith m  th e  M o o re p a rk  B lu e p r in t for sp r in g  
m ilk  p ro d u c tio n  ( O ’B rie n , 1999) W ith in  th is  sy s te m  a n im a ls  fin ish  th e ir  la c ta tio n  
a t  a  h ig h  level o f m ilk  p ro d u c tio n  b e c a u se  th e y  h av e  a d e q u a te  levels o f n u tr i t io n  A s 
a  re s u lt  it  is n ec essa ry  to  ex a m in e  th e  in fluence  o f ca lv in g  p a t te r n ,  la c ta t io n  le n g th  
a n d  n u tr i t io n a l  level on  m ilk  c o m p o s itio n  as  well as  on  p ro c e ssa b ility  In  o rd e r  to  
in v e s tig a te  th e se  fa c to rs  fu r th e r  it  is n ecessa ry  to  have  a c c u ra te  m o d e ls  to  p re d ic t 
th e  y ie ld  o f m ilk  a n d  its  c o n s ti tu e n ts  as th e y  a re  th e  fo u n d a tio n s  on  w h ich  a c c u ra te  
econom ic  m o d e llin g  o f th e  I r ish  d a iry  in d u s try  is b ased
M ilk  p ric in g  s tra te g ie s  g en e ra lly  re flec t th e  level o f fa t a n d  p ro te in  in  m ilk  as 
well as  its  m ic rob io log ica l q u a lity  (O ’B rie n  e t al , 1996) C u r re n tly  a  h ig h  p rice  is 
p a id  for la te  la c ta tio n  m ilk  d u e  to  th e  h ig h  p ro p o r tio n s  o f  m ilk  c o n s ti tu e n ts ,  w h ile  
th e  q u a lity  for p ro ce ss in g  is n o t  c o n s id e red  T h e  v a lu e  o f p ro te in  a n d  fa t in  m ilk  
ca n  b e  d ire c tly  a t t r ib u te d  to  th e  sa le  o f p ro d u c ts  fro m  th e  p ro ce sso r I t  h a s  b e e n  
su g g e s ted  th a t  m ilk  p ric in g  n eed s to  reflec t m o re  th e  p ro ce ss in g  c h a ra c te r is tic s  o f th e  
m ilk  (van  B e k k u m  a n d  N ilsson , 2000) In  a  s tu d y  c a rr ie d  o u t  by  B ree n  (2001), m ilk
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p rice  w as c a lc u la te d  b ased  on  A + B -C , w h ere  A  w as p ro te in  va lue , B  w as fa t v a lu e  
a n d  C  w as th e  p ro ce ss in g  a n d  co llec tion  co s ts  T h e  v a lu e  o f th e  p ro te in  a n d  th e  fa t 
w as c a lc u la te d  m o n th ly  b a se d  on  th e  p r o d u c t  m ix  B ree n  (2001) d ev e lo p ed  a  lin e a r  
p ro g ra m m in g  m o d e l th e  o b je c tiv e  fu n c tio n  o f w hich  w as to  m a x im iz e  th e  m ilk  p rice  
s u b je c t  to  th e  th e  c o n s tra in ts  o f p la n t  c a p a c ity  for in d iv id u a l p ro d u c ts  a n d  m ilk  
su p p ly  p ro file  T h e re fo re  th e  lin e a r  p ro g ra m m in g  m o d e l m ax im izes  th e  a m o u n t of 
h ig h e r-v a lu e  p ro d u c ts  (such  as  fu n c tio n a l foods a n d  v a lu e  a d d e d  p ro d u c ts )  s u b je c t  
to  th e  c a p a c ity  o f  th e  p la n t  to  m a n u fa c tu re  th e m  I f  th e re  w as a  m o re  fav o rab le  
s u p p ly  p ro file  i t  w ou ld  b e  p o ss ib le  a t  p ro ce sso r level to  p ro d u c e  m o re  h ig h e r-v a lu e  
p ro d u c ts  a n d  th e re fo re  th e  fa t a n d  p ro te in  va lue  w ou ld  b e  h ig h e r, re su lt in g  in  a  
h ig h e r  m ilk  p rice
T h e  m o d e ls  o u tlin e d  in  th is  th e s is  w h en  a m a lg a m a te d  in to  th e  M o o re p a rk  D a iry  
S y stem s M odel (M D S M ) a re  o f g re a t b en e f it to  th e  I r ish  d a iry  in d u s t ry  a t  a  tim e  
w h en  m a n y  cha llenges a re  fac ing  it  T h e  P ro s p e c tu s  R e p o r t  (P ro m a r  In te rn a t io n a l ,  
2003) o u tlin e s  th re e  key s tra te g ie s  for th e  long  te rm  su ccess  o f th e  Irish  d a iry  in ­
d u s tr y  (1) im p ro v e m e n t o f th e  in te rn a tio n a l c o m p e titiv e n e ss , sca le  a n d  co s t effi­
c iency  o f b o th  th e  p ro d u c e rs  a n d  p ro ce ss in g  se c to rs , (2) in c re ase  in  th e  p ro p o rtio n  
o f o u tp u t  aw ay from  b a s e /c o m m o d ity  ty p e  p ro d u c ts  a n d  in to  h ig h e r v a lu e -a d d e d  
p ro d u c ts ,  a n d  (3) g re a te r  e m p h a s is  b e in g  p u t  on  a c tio n s  to  dev e lo p  a n d  u n d e rp in  
th e  h ig h e s t s ta n d a r d s  o f q u a lity  a n d  sa fe ty  o f Irish  d a iry  p ro d u c e  T h e re fo re  as  th e  
Irish  d a iry  in d u s try  is ex a m in in g  w hich  ro u te  to  ta k e  to  secu re  th e  liv e lih o o d s of 
m ilk  p ro d u c e rs  a n d  p ro cesso rs , th e  n e x t s te p  is to  use  th e  m o d e ls  o u tlin e d  in  th is  
s tu d y  to  m o d e l th e  o p tim u m  ca lv in g  p a t te r n ,  la c ta t io n  p ro files, m ilk  co m p o s itio n  
a n d  p ro ce ss in g  q u a litie s  for m ilk  p ro d u c tio n  sy s te m s  u n d e r  d iffe ren t econom ic  co n ­
d itio n s  T h e  p rice  p ro ce sso rs  sh o u ld  p ay  p ro d u c e rs  to  m a in ta in  a  m o re  even  m ilk  
su p p ly  cu rv e  cou ld  th e n  b e  e s t im a te d  T h u s , it  is e v id e n t t h a t  th e  m o d e ls  o u tlin e d  
in  th is  th e s is  a re  th e  fo u n d a tio n  b locks on  w h ich  v ery  im p o r ta n t  dec isions can  b e  
m a d e  a t  a  c ru c ia l t im e  m  th e  I r ish  d a iry  in d u s t ry
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T h e  m o d e ls  d ev e lo p ed  in  th is  th e s is  offer a  s im p le  ro b u s t  m e th o d  for p re d ic tin g  
m ilk  y ie ld , f a t c o n te n t, p ro te in  c o n te n t a n d  hvew eigh t o f I r ish  d a iry  cow s T h is  h as  
b ee n  d o n e  by  u s in g  e m p irica l reg ress io n  te c h n iq u e s  to  m o d e l th e  d a t a  F u r th e r ­
m ore , it  h a s  b e e n  show n  th a t  a n  a n a ly s is  o f th e  re s id u a ls  is im p o r ta n t  to  e x a m in in g  
reg re ss io n  m o d e ls  I t  w as e v id e n t t h a t  th e  m o d e l w ith  th e  b e s t  M S P E  value  w as 
n o t n ec essa rily  th e  m o s t sa tis fa c to ry  m o d e l as th e re  co u ld  b e  severe  p ro b lem s w ith  
th e  p re se n c e  o f  m u lt ic o lh n e a rity  a m o n g  th e  v a ria b le s  T h is  w as rec tified  by  e i th e r  
rem o v in g  a  v a ria b le  o r by  u s in g  P C A  T h u s , th e  a p p lic a b ili ty  o f a  m o d e l w as b ased  
on  its  go o d n ess-o f-fit, its  a b ility  to  a d h e re  to  th e  a s su m p tio n s  o f reg ressio n  an a ly s is  
a n d  its  a b ility  to  p re d ic t  e i th e r  to ta l  m ilk  y ie ld  o r th e  av e rag e  fa t c o n te n t, p ro te in  
c o n te n t o r hvew eigh t
In  closing , th is  th e s is  is a n  im p o r ta n t  s te p  m  m o d e llin g  th e  la c ta tio n  cu rv es of 
cow s by  a d d re ss in g  th e  a s su m p tio n s  o f reg ress io n  a n a ly s is  m  d e ta il , as well as  th e  
in it ia l s te p  in o v ercom ing  th e  m a jo r  p ro b le m s th a t  m ilk  p ro ce ss in g  p la n ts  have  w ith  
th e  ir re g u la r  s u p p ly  o f  m ilk  from  fa rm ers
1 2 3
B i b l i o g r a p h y
A g re sti, A  (1990) Categorical Data Analysis J o h n  W iley  & Sons, 2 n d  e d itio n
A h, T  a n d  Schaeffer, L  (198T) A cc o u n tin g  for co v a rian ce  a m o n g  te s t  d ay  y ie ld s 
m  d a iry  cow s Canadian Journal o f Animal Science, 67 6 37 -644
A n d e rso n , T  (2002) S p ec ifica tio n  a n d  m issp ec if ica tio n  in  re d u c e d  ra n k  reg ressio n  
The Indian Journal of Statistics, 64 193-205
A yala , A  , H o n h o ld , N  , D elg ad o , R  , a n d  M a g a n a , J  (1992) A Visual Condi­
tion Scoring Scheme for Bos Idicus and Crossbred Cattle D u a l P u rp o s e  C a t t le  
P ro d u c t io n  R e sea rch , M e rd ia , M exico
B a k k e r, H  a n d  K o o p s , W  (1978) A n  a p p ro a c h  to  th e  c o m p a riso n  o f g ro w th  cu rv es 
of D u tc h  F rie s ia n , B r itis h  F r ie s ia n  a n d  H o ls te in  F r ie s ia n  cow s Current Topics m  
Veterinary Medicine Pattern of Growth and Development m  Cattle, 2 705-715
B elsley, D , K u h , E  , a n d  W elsch, E  (1980) Regression Diagnostics Identifying 
Influential Data and Sources of Colhneanty J o h n  W iley  k, S ons
B e rg lu n d , B  a n d  D an e ll, B  (1987) L ive w eig h t changes, feed c o n s u m p tio n , m ilk  
y ie ld  a n d  e n e rg y  b a la n c e  in  d a iry  c a tt le  d u r in g  th e  f irs t p e r io d  o f la c ta tio n  Acta 
Agricultura Scandinavia, 37 4 9 5 -5 0 9
B erry , D , H o ra n , B , a n d  D illon , P  (2005) C o m p a riso n  o f g ro w th  cu rv es o f th re e  
s tr a in s  o f  fem ale  d a i ry  c a t t le  Animal Science, 80 151-160
B o w erm an , B a n d  O ’C o n n e ll, R  (1987) Time Senes Forecasting - Unified Concepts 
and Computer Implementations D u x b u ry  P re ss , B o s to n
1 2 4
B reen , J  (2001) A new  d ire c tio n  for th e  p a y m e n t o f m ilk  T echno logy  a n d  se a ­
so n a lity  c o n s id e ra tio n s  in  m u ltip le  c o m p o n e n t m ilk  p r ic in g  o f m ilk  (liqu id  a n d  
m a n u fa c tu r in g )  for a  d iv e rs ify in g  d a iry  in d u s t ry  M a s te r ’s th e s is , U n iv e rs ity  C ol­
lege D u b lin
B ro d y , S (1945) Bioenergetics and Growth R h e in h o ld  P u b  C o rp  , N ew  Y ork
B ro d y , S , R a g sd a le , A , a n d  T u rn e r , C  (1923) T h e  r a te  o f d ec lin e  o f m ilk  se c re tio n  
w ith  th e  ad v a n c e  o f th e  p e r io d  o f la c ta tio n  Journal of General Physiology, 5 441— 
444
B ro d y , S , T u rn e r , C  , a n d  R a g sd a le , A  (1924) T h e  re la tio n sh ip  b e tw e en  th e  in it ia l 
rise  a n d  th e  su b se q u e n t d ec lin e  o f m ilk  se c re tio n  fo llow ing  p a r tu r i t io n  Journal of 
General Physiology, 6 541-545
B ro th e rs to n e , S , W h ite , I , a n d  M eyer, K  (2000) G en e tic  m o d e llin g  o f d a iry  
m ilk  y ie ld  u s in g  o r th o g o n a l p o ly n o m ia ls  a n d  p a ra m e tr ic  cu rv es Animal Science, 
70 4 07 -415
B row n , J  , F itz h u g h , H  , a n d  C a rtw r ig h t ,  T  (1976) A co m p a riso n  o f n o n lin e a r  
m o d e ls  for d esc r ib in g  w eig h t-ag e  re la tio n sh ip s  in  c a tt le  Animal Science, 42 8 1 0 -  
818
B uckley, F  , O ’S u llivan , K  , M ee, J  , E v an s, R  , a n d  D illon , P  (2003) R e la tio n sh ip s  
a m o n g  m ilk  y ie ld , b o d y  co n d itio n , cow  w eig h t a n d  re p ro d u c tio n  in  sp rin g -ca lv ed  
H o ls te in -F n e s ia n s  Journal of Dairy Science, 86 2308 -2319
B u tle r ,  S , M a rr ,  A  , P e lto n , S , R adcliff, R  , Lucy, M  , a n d  B u tle r ,  W  (2003) In ­
su lin  re s to re s  G H  re sp o n siv en e ss  d u r in g  la c ta t io n  in d u c e d  n eg a tiv e  en e rg y  b a la n c e  
m  d a iry  c a t t le  effects on  e x p re ss io n  o f IG F -1  a n d  G H  re c e p to r  1A  Journal of 
Endocrinology, 176 2 05 -217
C a rv a lh e ira , J  , B lake, R  , P o liak , E  , a n d  Q u a a s , R  (1998) A p p lic a tio n  o f an
1 2 5
a u to re g re ss iv e  p ro cess  to  e s t im a te  g en e tic  p a ra m e te rs  a n d  b re e d in g  values for 
d a ily  m ilk  y ie ld  in  a  tro p ic a l h e rd  o f  L u c e rn a  c a t t le  a n d  in  U n ite d  S ta te s  H o ls te m  
h e rd s  Journal of Dairy Science, 81 2738-2751
C a rv a lh e ira , J  , P o liak , E  , Q u a a s , R  , a n d  B lake , R  (2001) F i t t in g  m u ltip le  lac­
ta t io n s  te s t-d a y  re c o rd s  w ith  a n  a u to re g re ss iv e  r e p e a ta b il i ty  a n im a l m o d e l 12 In  
Proceedings of the 52nd E A A P  meeting, p ag e  6
C e n tra l S ta t is t ic s  Office (2005) Principal Statistics m  Relation to Agriculture - Milk 
Statistics C e n tra l S ta t is t ic s  Office, C o rk
C obby , J  a n d  Le D u , Y  (1978) O n  f i t t in g  cu rv es to  la c ta tio n  d a t a  Animal 
Production, 26 127-133
C rosse , S (1986) The Development and Implementation of a Computerized Man­
agement System for Irish Dairy Farmers P h D  th e s is , N a tio n a l U n iv e rs ity  o f 
I re la n d , C o rk
C rosse , S , O ’B rie n , B , a n d  R y a n , G (2000) P ro d u c tio n  o f q u a lity  m ilk  for p ro ce ss­
in g  International Journal of Dairy Technology, 54 135-141
C rosse , S , V an  H e ijs t, G , a n d  O ’D o n o v an , S (1988) T h e  re la tiv e  a c cu rac y  of 
d iffe ren t sa m p lin g  p ro c e d u re s  for e s t im a tin g  to ta l  la c ta t io n  y ie ld  o f  m ilk  a n d  m ilk  
c o n s ti tu e n ts  Irish Journal of Agricultural and Food Research, 27 3 1 -3 8
C u n n in g h a m , E  (1972) C o m p o n e n ts  o f v a r ia tio n  on  d a iry  cow p ro d u c tio n  Irish 
Journal of Agricultural and Food Research, 11 1 -10
D ave, B (1971) F ir s t  la c ta tio n  cu rv e  o f th e  In d ia n  w a te r  bu ffa lo  JN K V V  Research 
Journal, 5 9 3 -9 8
D e B o er, J  , W eller, J  , G ip so n , T  , a n d  G ro ssm a n , M  (1989) M u ltip h a s ic  an a ly s is  
o f m ilk  a n d  fa t y ie ld  cu rves o f Is ra e li H o ls te m s Journal of Dairy Science, 72 2 1 4 3 - 
2152
1 2 6
D e V ries, M  a n d  V eerkam p , R  (2000) E n e rg y  b a la n c e  o f  d a iry  c a t t le  in  re la tio n  to  
m ilk  p ro d u c tio n  v a ria b le s  a n d  fe r tili ty  Journal of Dairy Science, 82 1927-1934
D echow , C  , R ogers , G , K lei, L , a n d  L aw lor, T  (2004) H e r ita b ih ty  a n d  c o rre la tio n s  
for b o d y  c o n d itio n  sco re  a n d  d a iry  fo rm  w ith m  a n d  ac ro ss  la c ta t io n  a n d  age 
Journal of Dairy Science, 87 717-728
D e p a r tm e n t o f A g ric u ltu re  a n d  F o o d  (2002) Compendium of Agricultural Statistics 
2002 - Update of 2001 D e p a r tm e n t o f A g ric u ltu re  a n d  F o o d  R e sea rch  D eve lop ­
m e n t, D u b lin , I re la n d
D e p a r tm e n t o f A g ric u ltu re  a n d  F o o d  (2004) Compendium of Agricultural Statistics 
2004 - Update of 2003 D e p a r tm e n t o f A g ric u ltu re  a n d  F o o d  R e sea rch  D eve lop ­
m e n t, D u b lin , I re la n d
D ev ir, S , Z u r, B  , M a ltz , E  , G em zi, A  , a n d  A n tle r, A  (1995) A m o d e l for th e  
p re d ic tio n  o f d a iry  cow  b o d y  w eig h t b a se d  on  a  phy sio lo g ica l tim esc a le  Journal 
of Agricultural Science, Cambridge, 125 4 1 5 -4 2 4
D h a n o a , M  (1981) A n o te  on  a n  a l te rn a t iv e  fo rm  of th e  la c ta tio n  m o d e l Animal 
Production, 32 349-351
D ra p e r , N  a n d  S m ith , H  (1981) Applied Regression Analysis J o h n  W iley  & S ons, 
2 n d  e d itio n
E ls to n , D , G lasbey , C  , a n d  N eilson , D  (1989) N o n -p a ra m e tr ic  la c ta tio n  cu rves 
Animal Production, 48 3 31 -339
F ie ld , A (2000) Discovering Statistics - Using SPSS for Windows S A G E  P u b li­
c a tio n s
F isch e r, A  (1958) R e sea rch  w ith  W ü r t te m b e rg  S p o tte d  M o u n ta in  cow s on  th e  
sh a p e  o f th e  la c ta tio n  cu rv e  a n d  how  it  m a y  b e  in flu en ced  by  n o n -g e n e tic  fac to rs  
Zuchtungskunde, 30 296 -3 0 4
1 2 7
F o rb es, J  (1983) M o d els  for th e  p re d ic tio n  o f fo o d  in ta k e  a n d  e n e rg y  b a la n c e  m  
d a iry  cow s Livestock Production Science, 10 149-157
F u lk erso n , W  , W ilk in s , J  , D o b o s, R  , H o u g h , G  , G o d d a rd , M  , a n d  D av id so n , T  
(2001) R e p ro d u c tiv e  p e r fo rm a n c e  in  H o ls te m -F rie s ia n  cow s m  re la tio n  to  g en e tic  
m e ri t  a n d  level o f feed in g  w h en  g ra z in g  Animal Science, 73 3 97 -406
G am es, W  (1927) P e rs is te n c y  o f la c ta tio n  m  d a iry  cow s Bull III ague Exp Stn  , 
288 3 5 5 -4 2 4
G a rc ia , S a n d  H o lm es, C  (2001) L a c ta t io n  cu rv es o f  a u tu m n -  a n d  sp rin g -ca lv ed  
cow s in  p a s tu re -b a s e d  d a iry  sy s te m s  Livestock Production Science, 68 189-203
G o n za lo , C  , C a rr ie d o , J  , B a ro , J  , a n d  S an  P r im itiv o , F  (1994) F a c to rs  in f lu en c in g  
v a r ia tio n  of te s t  d ay  m ilk  y ie ld , so m a tic  cell co u n t, f a t  a n d  p ro te in  in  d a iry  sh e ep  
Journal of Dairy Science, 77 1537-1542
G ra v ir , K  (1967) S tu d ie s  on  d iffe ren t b o d y  m e a su re m e n ts  as  e s tim a to rs  o f live a n d  
c a rc a ss  w eig h t in  y o u n g  N R F  b u lls  Acta Agncultura Scandinavia, 17 2 1 7 -2 2 7
G ro ssm a n , M  a n d  K o o p s , W  (1988) M u ltip h a s ic  a n a ly s is  o f la c ta t io n  cu rv es m  
d a iry  c a tt le  Journal of Dairy Science, 71 1598-1608
G uo , Z a n d  Sw alve, H  (1995) M o d e llin g  o f  la c ta tio n  cu rv e  as  a  su b -m o d e l in 
th e  ev a lu a tio n  of te s t  d ay  rec o rd s  In  Proceedings of INTERBU LL open meeting, 
P ra g u e , C zech  R e p u b lic
G u th r ie , L (1994) Factors that Influence Milk Fat Tests T h e  U n iv e rs ity  o f G eo rg ia  
C o llege of A g ric u ltu ra l a n d  E n v iro n m e n ta l S ciences, 836 e d itio n
H ein rich s , A , R o g ers , G , a n d  C o o p e r, J  (1992) P re d ic t in g  b o d y  w eig h t a n d  w ith e r  
h e ig h t m  H o ls te m  heifers u s in g  b o d y  m e a su re m e n ts  Journal of Dairy Science, 
75 3576-3581
128
H eu er, C , S chukken , Y  , a n d  D o b b e la a r , P  (1999) P o s t  p a r tu m  b o d y  co n d itio n  
sco re  a n d  re su lts  from  th e  f irs t t e s t  d ay  m ilk  as p re d ic to rs  o f d isease , fe rtility , y ie ld  
a n d  cu llin g  in  co m m erc ia l d a iry  h e rd s  Journal of Dairy Science, 82 295-304
H u g g e tt ,  A a n d  W id d a s , W  (1951) T h e  re la tio n sh ip  b e tw e en  m a m m a lia n  fo e ta l 
w eig h t a n d  c o n c ep tio n  age Journal of Physiology, 114 3 0 6 -3 1 7
IC A R  (2002) Recording Guidelines International Agreement of Recording Prac­
tices I n te rn a t io n a l  C o m m itte e  o f A n im a l R e c o rd in g
IC B F  (2003) Irish Cattle Breeding Statistics 2002 I r ish  C a t t le  B ree d in g  F e d e ra tio n , 
H ighfield  H ouse, S h m ag h , B a n d o n , C o  C o rk , I re la n d
IC B F  (2004) IC B F ’s Electronic D IY  Milk Recording System  I r ish  C a t t le  B ree d in g  
F e d e ra tio n , H ighfie ld  H ouse, S h m ag h , B a n d o n , C o  C o rk , I re la n d
IC B F  (2005) P e rso n a l co m m u n ic a tio n
Ja m ro z ik , J  , G ino la , D  , a n d  S chaeffer, L  (2001) B ay esian  e s tim a tio n  o f g en e tic  
p a ra m e te r s  for te s t  d ay  rec o rd s  in  d a iry  c a t t le  u s in g  lin e a r  h ie ra rc h ic a l m ode ls  
Livestock Production Science, 71 2 23 -240
Ja m ro z ik , J  , K is te m a k e r , G , D ekkers, J  , a n d  Schaeffer, L  (1997) C o m p a riso n  of 
p o ss ib le  co v a ria te s  for use  m  a  ra n d o m  reg ress io n  m o d e l for a n a ly se s  o f te s t  d ay  
y ie ld s  Journal of Dairy Science, 80 2550-2556
Ja m ro z ik , J  a n d  S chaeffer, L  (1997) E s tim a te s  o f g en e tic  p a ra m e te rs  fo r a  te s t  d ay  
m o d e l w ith  ra n d o m  reg ressio n s for y ie ld  t r a i t s  o f  f irs t la c ta t io n  H o ls te m s Journal 
of Dairy Science, 80 7 62 -770
Jo n e s , T  (1997) E m p ir ic a l B ayes p re d ic tio n  o f 305-day  m ilk  p ro d u c tio n  Journal 
of Dairy Science, 80 1060-1075
1 2 9
K av a n ag h , S , M a h e r, J  , S h allo o , L  , a n d  K elly, F  (2003) C o s t effective feed ing  
sy s te m s  for d a iry  cow s In  Proceedings of the National Dairy Conference 2003, 
R o c h es to w n  P a rk  H o te l, C o rk
K ellogg , D  , U rq u h a r t ,  N , a n d  O rte g a , A  (1977) E s tim a tin g  H o ls te m  la c ta tio n  
cu rv es w ith  a  g a m m a  fu n c tio n  Journal of Dairy Science, 60 1308-1315
K eow n , J  a n d  V an  V leck , L  (1973) E x te n d e d  la c ta t io n  re c o rd s  in  p ro g re ss  to  
305 -day  eq u iv a le n t Journal of Dairy Science, 56 1070-1079
K e ttu n e n ,  A  , M a n ty s a a n , E  , a n d  P oso , J  (2000) E s tim a tio n  o f g en e tic  p a ra m e te rs  
for d a ily  m ilk  y ie ld  o f p r im ip a ro u s  A y sh ire  cow s by  r a n d o m  reg ressio n  te s t-d a y  
m o d e ls  Livestock Production Science, 66 251-261
K illen , L a n d  K ea n e , M  (1978) T h e  sh a p e  o f  la c ta t io n  cu rv es in  I r ish  d a iry  h e rd s  
Irish Journal of Agricultural and Food Research, 17 2 67 -282
K lo p cic , M  , M a lo v rh , S , G o rja n c , G  , K ovac, M  , a n d  O ste rc , J  (2003) P re d ic t io n  
o f d a ily  m ilk , f a t  a n d  p ro te in  c o n te n t u s in g  a l te rn a t in g  re c o rd in g  schem e Czech 
Journal of Animal Science, 48 4 4 9 -4 5 8
K o o n a w o o tn t tn ro n ,  S , E lzo , M  , T u m w aso rn , S , a n d  S in ta la , W  (2001) L a c ta t io n  
cu rv e s  a n d  p re d ic tio n  o f d a ily  a n d  a c c u m u la te d  m ilk  y ie ld s  in  a  m u lt ib re e d  d a iry  
h e rd  in  T h a i la n d  u s in g  all d a ily  rec o rd s  Thai Journal of Agricultural Science, 
34 123-139
K o rv e r, S , V an  A re n d o n k , J  , a n d  K o o p s, W  (1985) A fu n c tio n  for live-w eigh t 
ch a n g e  b e tw e e n  tw o  ca lv m g s in  d a iry  c a t t le  Animal Production, 40 233-241
K u m a r , R  a n d  B h a t,  P  (1979) L a c ta t io n  cu rv e  in  In d ia n  b u ffa lo es Indian Journal 
of Dairy Science, 32 156-160
K v an li, A , G u y n es , C  , a n d  P a v u r , R  (1986) Introduction to Business Statistics 
W e st P u b lish in g  C o m p a n y
1 3 0
L eB lan c , D (2004) Statistics - Concepts and Applications for Science Jo n e s  a n d  
B a r t le t t  P u b lish e rs
Lee, C , P o liak , J  , a n d  E v e re t t ,  R  (1995) M u ltip lic a tiv e  fa c to rs  for e s tim a tio n  of 
d a ily  m ilk  a n d  c o m p o n e n t y ie ld s from  sing le  m o rn in g  o r a f te rn o o n  te s ts  Journal 
of Dairy Science, 78 2 21 -235
L id a u e r , M  , M a n ty sa a r i, E  , S tra d e n , I , a n d  P oso , I (2000) M u lt ip le - tra i t  r a n ­
d o m  reg ress io n  te s t-d a y  m o d e l for all la c ta t io n s  In  Proceedings of INTERBU LL  
meeting, p ag es 8 1 -8 6
L o p ez -V illa lo b o s, N  , L em u s-R am ire z , V  , H o lm es, C  , a n d  G a rrick , D  (2001) L ac ­
ta t io n  cu rv es for m ilk  t r a i ts ,  live w eig h t a n d  b o d y  c o n d itio n  sco re  for h ea v y  a n d  
lig h t H o ls te in -F r ie s ia n  cow s In  Proceedings of New Zealand Society of Animal 
Science, v o lu m e 61, p ag e s  2 17 -220
M a c c io tta , N  , V ica rio , D  , a n d  P u lm a , G  (2002) T e s t d ay  a n d  la c ta tio n  y ie ld  p re ­
d ic tio n s  in  I ta l ia n  s im m e n ta l cow s by  A R M A  m e th o d s  Journal of Dairy Science, 
85 3107-3114
M ack le , T  , B ry a n t, A , P e tc h , S , H o o p er, R  , a n d  A u ld is t , M  (1999) V a ria tio n  
in th e  c o m p o s itio n  o f m ilk  p ro te in  from  p a s tu re - fe d  d a iry  cow s in  la te  la c ta tio n  
a n d  th e  effect o f g ra m  a n d  silage New Zealand Journal of Agricultural Research, 
42 147-154
M a d a le n a , F  , M a rtin e z , M  , a n d  F re ita s , A  (1979) L a c ta t io n  cu rv es o f H o ls te in - 
F r ie s ia n  a n d  H o ls te in -F r ie s ia n  x  G ir cow s Animal Production, 29 1 01 -107
M a d a le n a , F  , T eo d o ro , R  , a n d  M a d u re ira , A  (2003) R e la tio n sh ip s  of w eig h t a n d  
h e ig h t w ith  age in  h y b rid  H o ls te in  F r ie s ia n  /G u z e r a  fem ales Genetic Molecular 
Research, 2 271-278
1 3 1
M a d d a la , G (1992) Introduction to Econometrics M acM illan  P u b lis h in g  C om pany , 
N ew  Y ork
M aloney , J  (2002) H ig h er m ilk  p rice s  a n d  v a lu e  a d d e d  fo o d s  In  Proceedings of the 
National Dairy Conference 2002, G leneag le  H o te l, K illa rn ey , I re la n d
M c C a rth y , D  (2000) O p tim is in g  p ro fits  on  d a iry  fa rm s In  Proceedings of the 
National Dairy Conference 2000, S ilver S p rin g s  H o te l, T ivo li, C o rk , I re la n d
M cG u ire , M  , T h e u re r ,  M  , V ic im , J  , a n d  C ro o k er, B  (2004) C o n tro llin g  en e rg y  
b a la n c e  m  ea rly  la c ta tio n  Advances m  Dairy Technology, 16 2 41 -252
M e n d o za , G (1999) Serial Autocorrelation Why i t ’s here, what it does and how to 
get n d  of it F o rd h a m  U n iversity , N ew  Y ork
M olina , J  a n d  B osch im , C  (1979) A d ju s tm e n t o f d a iry  cu rv e  of H o ls te in  h e rd  w ith  
a  lin e a r  m o d a l m o d e l Agronomia Costamcense, 3 167-174
M oore, A (1985) A m a th e m a tic a l  e q u a tio n  for an im a l g ro w th  from  em b ry o  to  
a d u l t  Animal Production, 40 4 41 -453
M u k u n d a n , G  a n d  B h a t,  P  (1983) L a c ta t io n  cu rv e  in  M a la b a ri g o a ts  a n d  th e ir  
S a a n e n  h a lf-b re d s  Indian Journal of Animal Science, 53 6 66 -669
O ’B rien , B  (1999) Chemical Composition and Processabihty of Milks from Herds 
with Different Calving Patterns - Project number 4349 T eag asc
O ’B rie n , B , C rosse , S , a n d  D illon , P  (1996) E ffec ts  o f o ffering  a  c o n c e n tra te  o r 
silage su p p le m e n t to  g ra z in g  d a iry  cow s m  la te  la c ta tio n  on  a n im a l p e rfo rm a n c e  
o f sp r in g  ca lv in g  d a iry  cow s Irish Journal of Agricultural and Food Research, 
35 113-125
O lo n , V  , B ro th e rs to n e , S , H ill, W  , a n d  M c G u irk , B  (1999) F i t  o f s ta n d a rd  
m o d e ls  o f th e  la c ta tio n  cu rv e  to  w eekly  re c o rd s  o f m ilk  p ro d u c tio n  o f cow s in  a  
sing le  h e rd  Livestock Production Science, 58 55 -6 3
1 3 2
Olori, V and Galesloot, P (1999) Projection of partial lactation records and cal­
culation of 305-day yields in the Republic of Ireland In Proceedings of the 1999 
INTERBULL meeting, pages 149-154, Zurich, Switzerland
Papajcsik, I and Bodero, J (1988) Modelling lactation curves of Friesian cows in 
a subtropical climate Animal Production, 47 201-207
Perochon, L , Coulon, J , and Lescourret, F (1996) Modelling lactation curves of 
dairy cows with emphasis on individual variability Animal Science, 63 189-200
Perotto, D , Cue, R , and Lee, A (1992) Comparison of nonlinear functions for 
describing the growth curve of three genotypes of dairy cattle Canadian Journal 
of Animal Science, 72 773-782
Promar International (2003) Strategic Development Plan for the Irish Dairy 
Processing Sector Promar International
Ptak, E and Schaeffer, L (1993) Use of test day yields for genetic evaluation of 
dairy sires and cows Livestock Production Science, 34 23-34
Puhna, G (1990) L’infiuenza delPahmentazione sulla quahta del latte ovino (influ­
ence of feeding on sheep quality milk) L ’mformatore Agrano, 46 31-38
Quinn, N , Killen, L , and Buckley, F (2004) Statistical modelling of lactation 
curve data In Proceedings of CompStat 2004, pages 1677-1684, Prague, Czech 
Republic
Quinn, N , Killen, L , and Buckley, F (2005a) Empirical algebraic modelling of 
lactation curves using Irish data Irish Journal of Agricultural and Food Research, 
44 [In Press]
Quinn, N , Killen, L , and Buckley, F (2005b) Modelling lactation curves for Irish 
dairy cows In Performance Recording of Animals - State of the Art 2004, pages 
247-252, Sousse, Tunisia
1 3 3
Reents, R , Dekkers, J , and Schaeffer, L (1995) Genetic evaluation for somatic 
cell score with a test day model for multiple lactations Journal of Dairy Science, 
78 2858-2870
Reents, R , Dopp, L , Schmutz, M , and Reinhardt, M (1998) Impact of application 
of a test day model to dairy production traits on genetic evaluations of cows In 
Proceedings of the INTERBULL Meeting, pages 49-54, Uppsala, Sweden
Rekaya, R , Carabano, M , and Toro, M (2000) Bayesian analysis of lactation 
curves of Holstein-Friesian cattle Journal of Dairy Science, 83 2691-2701
Reksen, O , Havrevoll, O , Grohn, Y , Bolstad, T , Waldmann, A , and Ropstad, 
E (2002) Relationships among body condition score, milk constituents, and 
postpartum  luteal funstion in Norwegian dairy cows Journal of Dairy Science, 
85 1406-1415
Richards, F (1959) A flexible growth function for empirical use Journal of Exper­
imental Botany, 10 290-300
Roche, J (2003) Effect of pregnancy on milk production and body weight from 
identical twin study Journal of Dairy Science, 86 777-783
Rook, A , France, J , and Dhanoa, M (1993) On the mathematical description of 
lactation curves Journal of Agricultural Science, 121 97-102
Rowlands, G , Lucey, S , and Russel, A (1982) A comparison of different models 
of the lactation curve in dairy cattle Animal Production, 35 135-144
SAS (1999) SAS Online Version 8 SAS Institute, Inc Cary NC
Schaeffer, L and Burnside, E (1976) Estimating the shape of the lactation curve 
Canadian Journal of Animal Science, 56 157-170
1 3 4
Schaeffer, L and Dekkers, J (1994) Random regressions in animal models for test- 
day production in dairy cattle In Proceedings of 5th World Congress on Applied 
Livestock Production, volume 18, pages 443-446, Guelph, Canada
Schaeffer, L and Jamrozik, J (1996) M ultiple-trait prediction of lactation yields 
for dairy cows Journal of Dairy Science, 79 2044-2055
Schaeffer, L , Jamrozik, J , Kistemaker, G , and Van Doormaal, B (2000) Experi­
ence with test-day model Journal of Dairy Science, 83 1135-1144
Schütz, M , Hansen, L , Steuernagel, G , and Kuck, A (1990) Variation m milk,
fat, protein and somatic cells for dairy cattle Journal of Dairy Science, 73 484
Sen, A and Srivastava, M (1990) Regression Analysis - Theory, Methods and 
Applications Springer-Verlag
Shalloo, L , Dillon, P , Rath, M , and Wallace, M (2004) Dairy farm simulation 
model description and validation of the Moorepark dairy system Journal of Dairy 
Science, 87 1945-1959
Shanks, R , Berger, P , Freeman, A , and Dickenson, F (1981) Genetic aspects of
lactation curves Journal of Dairy Science, 64 1852-1860
Sherchand, L , McNew, R , Kellogg, D , and Johnson, Z (1995) Selection of a 
mathematical model to generate lactation curves using daily milk yields of Hol­
stein cows Journal of Dairy Science, 78 2507-2513
Sikka, L (1950) A study of lactation as affected by heredity and environment 
Journal of Dairy Science, 17 231-252
Smgh, B and Bhat, P (1978) Models of lactation curves for Hariana cattle Indian 
Journal of Animal Sciences, 48 791-797
Smgh, R and Gopal, R (1982) A study of lactation as affected by heredity and 
environment Journal of Dairy Research, 17 231-252
1 3 5
Slater, K and Webster, J (2001a) Strategies to Modify Milk Fat DEFRA
Slater, K and Webster, J (2001b) Strategies to Modify Milk Protein DEFRA
Stanton, T , Jones, L , Everett, R , and Kachman, S (1992) Estimating milk, fat 
and protein lactation curves with a test day model Journal of Dairy Science, 
75 1691-1700
Taylor, S (1980) Genetically standardized growth equations Animal Production, 
30 167-175
Tozer, P and Huffaker, R (1999) Mathematical equations to describe lactation 
curves for Holstein-Friesian cows m New South Wales Australian Journal of 
Agricultural Research, 50 431-440
van Bekkum, O and Nilsson, J (2000) Agenda 2000 and structural change in 
european dairy cooperatives In Proceedings of the IVth International Confer­
ence on Cham Development m  Agribusiness, and the Food Industry, Wagemngen, 
Netherlands
Vargas, B , Koops, W , Herrero, M , and Van Arendonk, J (2000) Modeling ex­
tended lactations of dairy cows Journal of Dairy Science, 83 1371-1380
Varona, L , Moreno, C , Garcia Cortes, L , and Altarriba, J (1998) Bayesian 
analysis of W ood’s lactation curve for Spanish dairy cows Journal of Dairy 
Science, 81 1469-1478
Vasconcelos, J , Martins, A , Petin-Batista, M , Silvestre, A , Ferreira, A , Colaao, 
J , and Carvalheira, J (2002) Estimation of lactation yields from test day yields 
of milk, fat and protein for Portuguese Holstein cattle using an autoregressive 
test day model In Proceedings of the 7th World Congress on Genetics Applied to 
Livestock Production, pages 279-282, Montpellier, France
Vollebregt, L and Vollebregt, R (1998) Low Replacement Rates for Profit
1 3 6
Von Bertalanffy, L (1957) Quantitative laws in metabolism and growth Quarterly 
Review of Biology, 32 217-231
Walter, J , Mao, I , and Emery, R (1984) Simultaneous fitting of energy require­
ments and intake, lactation response and body weight changes m dairy cattle with 
different forage basses rations Journal of Dairy Science, 70 221
Wicks, H (2001) The Influence of Genetic Merit and Environment on Dairy Cat­
tle Performance on Farm PhD thesis, Imperial College of Wye, University of 
London
Wiggans, G , VanRaden, P , and Philpot, J (2003) Technical note Detection and 
adjustment of abnormal test-day yields Journal of Dairy Science, 86 2721-2724
Wilmink, J (1987) Adjustment of test day milk, fat and protein yield for age, 
season and stage of lactation Livestock Production Science, 16 335-348
Winsor, C (1932) The Gompertz curve as a growth curve In Proceedings of the 
National Academy of Sciences, volume 18, pages 1-8, USA
Wood, P (1967) Algebraic model of the lactation curve in cattle Nature, London, 
216 164-165
Wood, P (1969) Factors affecting the shape of the lactation curve in cattle Animal 
Production, 11 307-316
Wood, P (1976) Algebraic models of the lactation curves for milk, fat and protein 
production, with estimates of seasonal variation Animal Production, 22 35-40
Wood, P , King, J , and Youdan, P (1980) Relationships between size, liveweight 
change and milk production characters in early lactation m dairy cattle Animal 
Production, 31 143-151
1 3 7
Yadav, M , Katpatal, B , and Kaushik, S (1977) Components of inverse polynomial 
function of lactation curve, and factors affecting then in H anna and its Friesian 
crosses Indian Journal of Animal Science, 47 777-781
1 3 8
